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FOREWORD 

The followfng notes are Intended to aid the 
reader of this report in choosing for study those 

-sections most likely to be of interest to him: . . 

‘ , (a) Aeronautical engfneers ~111 probably be 
most interested in sections 14, 15, and 
23, and appendixes II, III, and IV. ~ . . 

(b) Air-line pilots and operations personnel - I will be most interestad in sections 1 
through 11, and in sections 16 and 19 . _ . 
to 22. 

(c) Air-line meteorologfsts will ffnd an addi- , - . tfonal fnterest fn sections 12, 17, and 
16; and appendixes f and III to VII. . 

For information relative to the protection of 
gliders and nonmetallic aircraft from lightning, .. 
the reader is referred to reference 33. . . . 

Attention is invited to new developments in 
the theory of the mechanfsm of the thunderstorm 
given on page 102 (first paragraph) and pages 106 

. (last paragraph) to.129, of appendix V, following a 
eum'mary of other well-known phenomena involved in 

, the genesfs and mafntenance of thunderstorms given 
o'n pages 97-101 and 103-106, inclusive. 
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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
--LI_ 

TECHNICAL NOTE NO, 1001 
--__I 

LIGHTNING DISCHARGES TO AIRCRAFT AND 

ASSOCIATED METEOROLOGICAL CONDITIONS 

BY L. P. Harrison 

f. INTRODUCTION 

The Subcommittee on Lightning Hazards to Aircraft of 
the National Advisory Committee for Aeronautics was created 
for the purpose of studying all phases cf the problem of 
atmospheric electrical discharges to aircraft and of reco- 
mending measures (1) for improving the protection of air- 
craft against such disqharges, (2) for alleviating the 
haaards to occupants of aircraft from such discharges, and 
(3) for avoiding conditions under wh1c.h the discharges may 
be experienced, 

The Subcommittee has been actively engaged in carrying 
out its functions since the year 1937, The membership of 
the Subcommittee on Lightning Hazards to Aircraft was 2s 

follows ia 1941: 

Kr, Delbort M; Little, Chairman, 
U. S. Weather Bureau, 
Washington, D. C. 

Dr. 0, H: Gish 
Departnent'of Terrestrial Magnetism, 
Ce.rnegie Institution cf Washington, 
Washington, D. C. 

. 

Mr. Charles H. Helms, 
National Advisory Committee for Aeronautics, 
Washington, D. C. 

Lieut. Comdr. M, P. Hanson, U.S.N.R,, 
Bureau of Aeronautics, 
Navy Department, 
Washington, D. C. 
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Mr, S. Paul Johnston (ex officio), 
Coordinator of Research, 
National Advisory Committee far Aeronautice,, 
Washington, 33, C. 

Dr. George W. Lewis (ax officio), 
Director of Aeronautical Research, 
National hdvfsory Committee for Aeronautics,, 
Washington, D. C. 

Mr. P. C. Sandretto,] 
Superintendent, Connunications Laboratory, 
United Air Lines Transport Corporation, 
Municipal Airport, Clearing Station, 
Chicago, Illinois. 

. . 
3% Karl B. WcEnchron, 

General Electric Company, 
Pittsfield, Hassachusctts. 

Dr. Irving R, Metcalf, 
Civil Aeronautics Administration, 
Washington-, D. C, 

Hr, E. J, Minser, 
Transcontiuental and Western Air, Inc., 
Municipal Airport, 
Kansas City, Missouri. 

. 

Lt. Cal. Charles K, Moore, Air Corps, U.S.A., 
Materiel Division, Wright Field; 
Dayton, Ohio.. 

' Dr. F, B. Siisbee, 
. Irational Bureau of Standards, 

Washington, D. C. 

---_I- -- --- 

"In 1942, the comniesioning of Hr. Sandretto in the 
Bray changed his address and title, which, in 1943, was 

Lt. Cal. P. C. Sandretto, U.S.A., 
Eloctronicti Unit, 
First Proving Ground, 
Eglin Field, Florida. 

. 
, 
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In 1948, the roster of membership of the Subcommittee * 
was modified. Messrs. Helms and Johnston were relieved and 

,,. the following members were added: 

Prof. E. 3. Warkman, 
University of Hew Mexico, 
Albuquerque, Eew Mexico. 

. Mr. L. k. Harrison, 
u. s. Weather Bureau, 
Was.hingtoa, D. C, 

*. _ .-- 
My, Russell G. Robinson (ex officio), ._ Rational Advisory Committee for Aeronautics, 

Washington, D. C. 

During 1942, there accured the lamented death of 
Lieutenant Commander' Hanson. He was replaced, in September 
1942, by 

Lieut, Comdr. E', G. gear, U.S.E.R., 
Bureau. of Aeronautics, 
Bavy Department, 
Washington, 3-C. 

Doctor ECetcalf was replaoed, in July 1942, by 

Mr. Joseph C. Hromada, 
Technical Development Division, 
Civil Aeronautics Administration, 
Washington, D, C. .-* 

In 1943, Lieutenant Colonel Moore was replaced by 

Major E. H. Schwartz, U.S.A., 
Army Air Forcee, 
Materiel Center; 
Wright Field, Dayton, .Ohfo. 

and a new member was added to the Subcommittee: 

Dr. Ross Gunn, 
Naval Research Laboratory, 
Bellevue, D. C. * 

Numerous investigations on electrical discharges and 
their effects have been conducted by the members of the Sub- 
committee, and by organizations whose cooperation was secured 
to assist in the program of research. A con8 iderable amount 
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of pertinent data has been amassed under the direction of 
the Subcommittee and these were made available for study and 
digest, 

Thfs report is a summary of information on atmospheric 
electrical discharges to aircraft and associated meteor- 
ological conditions, prepared for the Subcommittee at the 
U. S. Weather Bureau, Washington, D, C, 

Many of the facts given herein are based largely on 
data furnished by pilots, meteOrOlOgiStS, and maintenance 
engineers of the U, S. Wavy, the U, S. Army Air Forces, and 
air-line companfes, fn questionnaires and other reports pre- 
pared in connection with about 170 ~~688 of electrical dis- 
charges to aircraft which have occurred during the years 
1935-44, Technical data of particular interest to engineers, 
obtained from the high voltage laboratories of the General 
Electric Company and the Westinghouse Electric and ManU- 
facturing Company, a8 well as from other sources, also have 
been utiliaed, (See appendix II,) 

The following discussion (sets, 2 to 18) outlf.nes 
the essential facts known about the conditions under which 
electrical discharges to aircraft have occurred. The di8- 
cussion, includfng appendixes III to VII, provides informa- 
tion designed to give a fafrly comprehensive view of the 
underlying principles of meteorolo'gy and atmospheric elec- 
tricity which are involved, A brief glossary of some im- 
portant meteorological terms is given in appendix I to aid 
the nonmeteorologist fn following the discussion. 

A.UnnAtfPn,af.-pflnlta is especially dfrectod to section8 
19 to 22, which contain lists of procedures of flight con- 
duct and aircraft maintenance recommended for avoiding or 
minimizing the hazards of (a) disruptive electrical dis- 
charges to aircraft, and (b) other meteorological conditions 
of severe character often encountered in or near thunder- 
Storms, 

Acknoalcdgmente 

c 

*I 

The Subcommittee on Lightning &sardS to Aircraft of . 
the HACA wishes to exgressits appreciation for the splen- 
did cooperation rendered by pflots, meteorologists, enginssrs, 
and maintenance personnel of many air line8 in furnishing in- I 
valuable information relating to Rctue.1 field exgorisncoa 
with electrical discharges to aircraft. Similar appreciation 
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. is due the U. S. Army Afr Forces and the U. S. Navy Bureau of 
Aeronautics for providing data on the subject in relation to 
service aircraft. 

The I&EGA take8 this opportunity to express its gratitude 
to the airmen and their coworkers who made this report possi- 
ble by material furnished in Questionnaire form, and to the 
officials and the personnel of the General Electric Company 
and the '~estfnghouse 9lectric and Manufacturing Company who 
devoted unstinted work in conducting investigations on the na- 
ture and effects of lightning discharges for the promotion of 
greeter safety to mankind generally against these haeards of 
nature. Deep appreciation also is due other organizations and 
individuals, too numsrous to mention, who wholeheartedly con- 
tributed their services end advice to the Subcommittee on 
Lightning Hazards to Aircraft, in pursuit of its activities.. 
Anong these nay be mentioned: Dr. Harvey Fletcher, Dirsctor 
of Physical Research, Dell Telephone Laboratories, and his 
assistants; Prof. Clarence H. Graham, of the Psychological 
Laboratory, Brown University; Prof. J. Ii. Bryant, Head, Depart- 

.ment of Electrical Ehgineering, University of kinnasota; and . Dr. II. B. ViSSCher, Head, Department of Physiology, University 
of Kinnssota. The FAGA is deeply indebted to past and present 
members of the Subcommittee on Lightning Eazards to Aircraft, . 
who gave so liberally of their tine and efforts in carrying 

,forward the vork of the organization. 

The writer is &rateful to all persons and Org8nfZatiOnE 
who made available the material which form8 the basis for this 
report. A special debt is due Mr. 3. J. IIinser, Chief Iieteor- 
ologist, of Transcontinental 8nd Western Air, Inc., whose writ- 
ings (references 1 and 2) on the subject have been so helpful 
as guides in preparing certain portions of the report, espe- 
cially 88CtiOn8 20 and 21, "Recommended Plight Procedure to 
Avoid Discharges and Alleviate Harmful Zffects," which has in- 
corporated in it a number of the rules and principles which he 
has suggested for the greater Saf8guard of air navigation. The 
pertinent writings of the Meteorology Department of the United 
Air Lines Tran8port Corporation, 
(See reference 3.) 

have also been found helpful. 

The author wishes to express his appreciation to all thoee 
whose helpful comments, suggestions, and critiCi8mS have en- 
abled him to make this publication an improvement over-his 
"Preliminary deport on Atmospheric qle.ctrical Discharges to > 
Aircraft,8 issued August 1941 by the NACA. Among those who 
may be mentioned in this connection ares Wr . P. Donely, 
Dr. 0. H. Gish, Xr, W, El. Konscany, Mr. Jerome Ledsrer, I'r. 
S. Lichtblau, Kr. 3, J. Ninser, Mr. H, W. Neill, Hr. a. V. 
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Rhode, Hr. P. C. Sandrstto, Dr. P. B. Silsbce, Prof. 8. J. . 

Workman, and Dr. A. P. Spilhaus jointly with Prof. G. Ammons. 
Appreciation is due also to Hessrs. A. E). Kussman, R. J. 
'List, and 3. 0. Gerson of the U. S..Weather Bureau for in- 
+aluable assishnce in compiling certain of the data on which 
this report is based. 

2. GPOGRAPEIC LOCATIO;TS AND G3~:JRAL Md!l?~OROLOGICAL CO1?DITIO?S 
. . 

An atmospheric electricul discharge' may occur to an air- 
'craft in any locality where the aircraft mny encqunter or 
approach cloeoly cloud and precipitation conditions having 
local regions in which the electrical potential gradientais 
sufficiently intense to cause a discharge to be initiated 
either spontaneously or upon entry of the aircraft into the 
scene, Such discharges occur with greatest frequency,in areas 
where thunderstorms, or cunulo-nimbus or towering cumulus clouda, 
develop most often along more or.less extensive lines, 'These 
developments (along lines) generally take place in connection 
with the lifting of moist, unstabie air by the'action of (1) up, 
ward sloping or rough.terrain, like mountains and coastal 

. slopes, or (2) frpntal.systems of.,low pressure areas (tlLOWS1l 
or cyclones). Regions where surface heating ia intense and c 
the 'air ehlpecially moist and unstable are also breeders of 
local thunderstorms and convective-type clouds, such a8 
those mentioned, wherein the discharges may be experienced. 

lfn this,.rbport the terns llatmospheric. electrical dis- 
charge," nelectrical discharge to aircraft," and adischarges" 
without reference to ncorona discharges" in the ccntaxt are 
intanded'to apply to disruptive'discharges or lightning. The 
terms 'Icorona discharge" and IiSt, Elmofs firo~~. are used 
synonymously to apply to glow and brush discharges.. 

'By the term "potential gradient11 is denoted the rate 
of ihange of potential per unit distance in the direction of 
the electric field, It 1s generally expressed in volts 
per meter or volts per centimeter, When the potential 
gradient reaches an intensity which permits sparking to be- 
gfn, an electrical discharge'occurs. The sparking potential 
gradient Is about 1,000,0OG'volts per.rteter in a cloud co* 
sisting of droplets l/8 in, in diaieter, or 3,000,OOO volts . 
per meter in clear air at sea 1evel;or 2,100,OOO volts per 
meter in clear air at 10,000 ft altitude. The sparking 
potential gradient fbr cle.ar air is controlled by the air w 
density: but for.cloudy air containing water droplets it seems 
to be largely controlled by the sizes of the droplots. (See 
reference 4.)) 



. 

a.CA TN No, 1001 7 

r,fiwl?ver, the most severe conditions are likely to be en- 
countered in localities where frontal and /or mountain slop8 
(orographic) lifting.acts in conjunction with surface heating 
on an air mass of moist, unstable character, 

The convective-type clouds and the associated precipf- 
tation, in connection with which the electrical discharge 
is experienced, may or may not manifest cloud-t+cloud or 
cloud-to-ground lightning strokes prior to or after the dis- 
charge: hence, true, active thunderstorms are not always 
involved. 

3. ANNUAL VABIA!l?ION 

True thunderstorms are generally more frequent-during 
the warmer season of ths year than in other seasons, but many 
of the summer thunderstorms are of the local-heat variety and 
can be circumnavigated, Piost of the spring and autumn-thunder-e 
storms and convective-type clouds originate primarily from. 
frontal action and orographic lifting, In view of their 
characteristic of developing along extensive lines, these 
conditions are more difficult to avoid than isolated,locaL. 
storms or clouds. Consequently, as shown in the following . . 

tables, the records of cases of electrical discharges to 
aircraft show a pronounced primary maximum frequency-'of 
occurrence in early spring and a secondary maximum in autumn. 
A moderate nunber occurred in midwinter and in midsumm8P; 
(The free-air temperatures, moisture, and instability of the 
air masses fnvolved, character of precfpitation at varinus~ 
levels, and cloud heights in relation to flying levels daring 
the different seasons have important contrclling-,aacea 
on the phenomena which determine the statistics. All the 
factors mentioned must be taken into consideration .Ln in,- 
terpreting them.) 
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Annual variation, by months and Beasons, respectively, 
of the number of cases of disruptive discharges to 
aircraft according to available data for the period 
March 1935 through December 1944. 

1 Number of 
Xonth occurrence6 

-I----- -c----w-. 1 

Janunry 
E'ebruary 
March 
April 
May 
June 
July 
august 
September 
October 
November 
December 

6 

2: 
29 
20 
27 ' 

4 
9 

14 
13 
13 

5 

Percentage 
of total 

--------a..------ 

4 
4 

I.3 
17 
12 
16 

2 
5 
8 
8 
a 
3 

--- -- 

Total 
-I- 

- ------I-- ----m----m 

. 169 t 100 
C- -c__------------------- 

-- 

season 
-----p-w 

Winter 
(Dec. 

Spring 
2LMarch 20: 

(Mar.21-June 20) 
Summer 

(June 2!1- 
Sept.20) 

Autumn 
(Sept.21-Dec.20) 

-- ---w 
Total 

-- 
'-XGEr of 

occurrence8 
------we 

22 13 
I 

82 49 

26 15 

39 23 

169 
--- 

Percentage 
of total I .-------I--- 

1 

. . 
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4, DIURNAL BARIATSON 

Disruptive.electrica1 discharges to aircraft have 
oocurred with greatest frequenoy during the g-hour interval 
fron noon to ti p+mr local standard time, which is the 
period of greatest convective activity near the earth’s 
ourfaoe, The frequenoy of oacurrsnce algo has appar8ntIy 
tended to be febfrly high during the early evening hours, 
perhaps aa a result of acttve or Znoipient thunderstorms 
which often ouour after 6 p-m, in the midwesterni mountain, 
and 80~8 ooastal regfons of the United States. The minf- 
PUP frequency has ooautred just after'sunrise, when con- 
'veotlve activity ia usually low, In general, the diurnal 
frequency distribution may be sunnarfzed by stating that 
there is a broad maximum in the first 9 hours after noon 
and a broad dnimum in the first 9 hours aftsr aidnight, 
local standard t lme, Details regsrdiqg the diurnal 
variation of the phenomenon are shown in the following table: 

. Diurnal variation, by &hour pertode, of the number of 
oases of disruptive dtscharges to &irCr&ft, according 
to available data for the per3od March 1936 through 
December 1944 
“p -1----w m-p- ---- 

Number of Percentage 
Period occurrences of tots1 

---- ---m 

12 p+n. i- 3 a.m. 6 4 
3 a,n, - 6 8.n. 11 7 
6 a,& - 9 8-m. 3 2 
9 a,m, -12 m. 16 10 

12 m, - 3 P.m. 35 23 
3 P.Q. - 6 p.m. 35 23 
6 urn. - 9 p.m. 25; 17 
9 P*D. --12 pqm. I.5 10 

Unknown 6 4 
-- -----'U------.----m- 

TotaZ 153 100 
- ----me ---------*-.ed,- 1,. 
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(In interpreting the statistfcs it is necessary to make 
due allowance for the diurnal variation of air transport 
and the Ublind" (instrument) character of night flight 
through storm condftfone, which are superimposed on the 
results due to the natural diurnal variation of convective 
and atmospheric electrical activity.) 

. 

5, ALTITUDE 

Flight altitudes at the time of disruptive discharges 
to aircraft have varied from 700 to 18,000 feet above sea 
level. The altitude range wherein-the phenomenon has ' 
occurred most frequently is from 6000 to 11,000 feet above 
sea level and 4000 to 9000 feet above ground. The follow- 
fng table shows the actually observed distributions, (Civil 
Air Regulations require that on-airwage flight be conducted 
atiindicated altitudes above sea level corresponding to 
designated whole thousands of feet, Hence, as ahown by 
the table, the altitudes of maximum recorded frequency of 
occurrence of discharges to afrcraft are oofncident with the 
most frequented, levels of on--aIrway traffic, For thia 
reason the statistics must be treated with reservations,) 

c 
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Frequency distribution of altitudes above sea level and above 
ground on the occasfon of disruptive dfscharges to afrcraft 
during the perfod March 1935 through December 1944 (one aase 
observed July 1922 also included) 

Indicated 
alti-kde 
above sea 
level1 
(thousand: 
of feet) 

0.0 
.6 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 4 
4.0 
4.5 
5.0 w 5.5 
6.0 
6.5 
7.0 
7.5 
8.0 

t 
8.5 
9.0 

Nunlber 
of 

cases 

0 
5 

2 
0 
1 
0 
2 
3 
6 
1 
3 
1 

19 
1 

12 
5 

20 
1 

17 

Indicated 
Lltitude 
Lbove sea 
leve l1 
:thousands 
If feet) 

9.5 
10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
14.0 
14.5 
15.0 
15.5 
16.'0 
16.5 
17.0 

'17.5 
18.0 

Nmh3r 
of 

cages 

4 
XL 

8 
22 

2 
6 

'1 
7 

'1 
6 
0 
5 
0 
0 
0 
0 
0 
2 

Altitude 
above 
ground1 
(thou- 
sands of 
feet) 

0.0 

1:: 
1.6 
2.0 
2.5 
3.0 . 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
'7.0 
7.5 
8.0 
a.5 
9.0 

Number 
of 

OS.S0S 

2 
1 
0 
4 
1 
4 
7 

12 
5 

'10 
4 

18 
12 
13 
7. 
9 
3 

12 

altitude 
above 
ground' 
(thou- 
sands of 
feet) 

9.5 
10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
14.0 
14.5 
15.0 
15.5 
16.0 
16.5 

Number 
of 

cases 

3 
5 
2 
2 
1 
2 
0 
4 
2 
4 
0 
0 
0 
0 
1 

'The altitudes shown represent the mfdpoint of the class 
Interval which is 600 ft. For example, the designation 1000 
ft represents the range 750 to 1249 ft; similarly, the deslg- 
nation 1500 ft represents the range 1250 to 1749 ft. The in- 
dicated altitudes above sea level are based on readfngs of 
altimeters usually adjusted to the barometric Pltf.meter set- 
ting of the nearest weather station reporting by radio. Alti- 
tudes above ground are derived from the former data by sub- 

. tracting the estimated ground elevations. 

soccurred while afrcraft was on the ground. 

30ne case occurred at 200 ft. 
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A total of 150 reports of disruptiva discharges to alr- 
oraft with temperature data inoluded ware available for thla 
study. Of this total, 88 percent (132 cases), occurred at 
temperature6 of 41° y or lower. The temperature6 aon- 
current with the discharges fell with greatest frequency in 
the range 28O to 316O F, elnce 59 percent (88 casea) were con- 
centrated withln this interval, The values 28* and 32' F 
were reported most often (16 and 23 aaae6, respectively). 
The average temperature of the 1352 cases reported at 41° F 
or lower was 30.50 F; while the sverage temperature of the 
88 cauea between 280 and 360 F was 31.60 P. The lowsrt 
temperature Involved wa6 -6" 3'. observed within a thunder- 
etorm at 18,900 feet above 6ea level. The hlgheat temper- 
ature reported was 850 F. This value wae observed about 
the time of a disruptive dlachargs to an airplane whiah was 
located approximately 6000 feet from what wae apparently a 
oumulo-nimbus aloud, the airplane being at an altitude Of 
3600 feet above ground. The 86O F value of temperature, 
reported for a locatlon la southweet Arlaona during April, 
appear6 to be too high and 16 open to doubt, However, a re- 
port is at hand regarding a disruptive dlsqharge to an alr- 
craft in another location at a temperature.of 82O F. Thlr 
occurred 50 feet below a cumulo-nimbus cloud basq which WAS 
900 feet above ground. . 

Statistic6 regarding the frequenoy of different temper- 
atures observed. at time of occurr6ncc of disruptive dls- 
oharges to alrotiaft are given in appendix IV. (The aelected 
flight altitude6 and the prevailing meteorological conditions 
In the various 6ea6ons and localities largely determfne the 
free-air temperatures experienced at the time of the dls- 
ruptiae dlsoharges. It is difficult, on the baslo of the 
6tatl6tlo6 alone, to eeparate the effect6 of the various 
factors fnvolved and to appralae their relative importance. 
However, for independent evidence concerning the correlation 
of temperature with oondltlons under which high potential 
gradients will be found, the reader is referred to eeotlon 
17 and.appendlx VI. 

I 
7. CLOUD AND THUMDIRSTOBM OOWDITIONS 

The prevailing sky oonditlon on the ocoaslons .of dls- 
ruptive disohargee to airaraft wae overcast, although broken 
clouds were experienced with fair frequency. 
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The principal cloud types in connection with which the . 
L electrical discharges took place were cumulo-nimbus, cumulus, 

ani1 strnto-cumulus,with e. few other types occasionally :ndi- 
cated. The cases involving these pricipal cloud types were 
roughly dn the ratio of 10:5:3, respectively. They are all 
of convective origin. 

A great majority of the disruptive discharges took place 
while the aircraft were definitely in clouds. A small pro- 
portion occurred while the .aircraft were flying in and out 
cf or just emerging from, clouds, 
to'the source. 

in every case quite close 
A slightly smaller proportion suffered a 

lightning discharge while definitely outside of clouds at 
distances varying from.20 to 5,000 feet, 

Of the first-mentioned cases, namely, those definitely 
in clouds ----, only 45 percent repcrted that lightning was 
observed in the vicinity before or after the discharge, thus 
showing that active thunderstorm conditions were manifested 
in slightly less than half of the cases. The reports in the 
remaining 55 percent indicated that no natural lightning was 
observed in the vicinity of the aircraft immediately prior 
to or following the occurrence of the disruptive discharge. 
From these data and other considerations (see sec. 18 ) 
it may be inferred that the presence of the aircraft is 
instrumental in fnitiating disruptive discharges in some 
cloud conditions where lightning would not have developed 
spontaneously in the absence of the airplane, other factors 
being equal.' 

The instances where disruptive discharges were ex- 
perienced m&s;ld&& a UU were practically always associated 
with cumulonimbus clouds or active thunderstorms. The cloud 
was invariably of the cumulo-nimbus or (presumably towering) 
cumulus type when the discharge to the airplane took place 
while it was flying in and out of, or just emerging from, the 
cloud. (There is some doubt about certain of the data since 
it is difficult to classify clouds in instrument flight under 
overcast conditions, Thus some cases in middle latitudes where- 
in cumulus clouds vere reported actually must have involved 
clouds of the cumulo-nimbus type, as evidenced by the presence 
of showers or hail.) 
I_-- -- - -- 

IThe data lead to the implication that some cumulo-nimbus 
and perhaps other clouds have potential gradients insufficient 
for the evolvement of natural lightning, yet sufficient for the 
formation of a disruptive discharge when altered by the in- 
trusion of an airplane into the scene, 
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. S.~PRXCIPITATION CONDITIONS 

'Considering the cases where the dieoharge wa8 experi- 
enced whfls 'the' ai*-craft was definitely in a cloud, all of 
them, with three exoeptions, involved ooncurrent encounter- 
ing of precipitation in 6ome form, The distribution by kind 
of~'precipit~atfon, both in 'and 'out of olouds, was as follows: 
rain'aIone,'31 peroent; 'rain mixa'd with uome form of froeen 
precipitation, 23 peroent; and some'form of fro&en procfpi- 
tation alone, 33 percent,. Th.e types and inteneitiee of pre- 
cipitation ,eno'ountered, are ahown fn the table bslOw. The 
statis'tios show that ne'arly th'rtis-fifths of the oases involved 
frozen preolpitation at. the' s'ane. time, with snow being the 
predomiqant form. This result is oonsietent with the temper- 
ature data. previoualy. oitad. . 

St iis 'impor,tant to' note that conditione favorable for 
an electrical-dischargs to an airoraft oan be encountered in 
snow rand i'n'te'lated forms of preoijjitation. . ,. . 
preqdMidy d~st'ri.butio'n 'o'f pfe'oipitation types and intensities 
on the Occa's'iond~~of~ d'ishptive disoharges to afroraft during 
the period from March.1936 'through December 1944 (This table 
includes cases'bo'th in'.ahd o-ut of alouda.) 

Preoipitation type ., '. 
I v* *, d 

Snow .-.-:, ., <...:- 
Ioer crysf;ali . . . . .': . " I : 
Sleet 1:' .' : 
Hail .' : . . ..,. : 

Rairi,and sn0w m'7m.-m -, 
--- 

Rain and sleeta 
: ,. 

Rain and hail. . '. ' .i 
Rain, S~OPT, and slaot? 
Rain, snow; and hail c. , t' 
Rak;, anow, slee%i, and hail 
Snow and sleet1 or ioe pell&t;d 
Snow mdhail: ~ . . :-.; 
Snow; bleetl, tid'hai.1 J 

Intensity of p-recipitatior 
i . 

Light Moderate Heavy 

J-5 I . 21 I l4 
6.: 

. . 0 
‘1, 
1 

;3 
11.. 
0 
2 
0 

14 

13 
1 
1 

.3 
1 
1 

No preoip:tation ' ' L 
Rot reported * t 

Total 
Percentage of total 

l1-t is probable that some 

31 1 6;; 4; 
19 1 42 26 

of the precipitation repor 

rota1 Percen:- 
Yo . of age of 
38688 total 

50 [ 31 

29 18 
2 1 
7 6 
4 2 

23 14 
4 2 
3 2 
4 2 
3 2 
1 1 

actually small hail. This opinion is baaed on ourront metecrolo&icnl 
r?efinS.ti.ons of these hydrameteors,- 1 
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. . 
.- 9. TURBULEHCE 

Statistics regarding the degrees of turbulence experienced 
at the tines of disruptive'discharges to aircraft are given 
in the following tables. It is instructive to note that there 
was a slight tendency for stronger (severe or moderate) tur- 
bulence when a frozen forn of precipitation was encountered 
th7.A when rain alone was encountered. This tendency was Pore 
pronounced when a comparison was Lade between the degrees of 
turbulence when frosen forms of precipitation were present 
and no precipitation was present and still more marked when 
turbulence involving hail was compared to turbulence in- 
volving no precipitation. 

In the reports covering the period 1935 through 1940, 
during which tine conparatively small size aircraft were in 
general use, it was found that when hail or some form of 
frozen precipitation was encountered the proportion of cases 
of severe turbulence to cases of moderate and slight tur- 
bulence was considerably greater than when rain alone was en- 
countered. However, the reports since that tine (1941 through 
1944) involved larger planes and indicated a preponderance 
of slight over coderate and severe turbulence. Owing to the 
relative basis of pilots' judgclent of the degree of turbulence, 
this recent tendency in the reports may be attributed to the 
use of larger and heavier planes, improvements in the skill of 
pilots, inprovements in the structure of aircraft, and so forth, 
all of which generally lead to lower estinates of the intensity 
of this phenomenon, A pore definite sunnary could be made if 
there were available an instrunent which could accurately 
deteraine the various degrees of turbulence, 
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-. Freausncs distribution of various degrees of turbulence encOun~--t 
tered in-the principal cioud'types, other cloud types, and Out 
of olouds, on the occasions of disruptive diecharges to air- 
oraft during the perfod,from waroh 1935 through Dedember 1944 

,, ,... . . . 

. . i '.- ..' 
. .li Degree sf turbulence ,. 

Clo.ud.&nditio~ Sl&ht : Moderate i Severe Total 1 ;. number '. of . . . . . ,I@mber -Percent Ntrmber Perwxsk Number Peroenf 
of. : of : of of Of of cases 

.cases cases oas08. 08886 *oases cases 

Cumulo-nimbus.., 26 : ., .$5 ; 22: - -13:: 7' 4 54 
&nulus. ,. k .< :. J.7 10 . .li4* .8 2 1 33 
F&rato-cum&s ,12! .7 3' : 2. I 0. : 0' 15 
Yimbo+tratus , 2 .' 

1s 
"1' ,, '2 ,,I 3.. 2 6 

3ther kl6uds 
Jut of olouds 

?. . 13. .8.. ,2' 1 30 
"17. .: .,lO 6 . . 3 

Ditti inctiplete ,, :. : 
, 1 . 1 1 24 

. . '8 -_,' I4 . . 8 
I 

Total ' 8% ' 5i., 59 

Is) 14' 
35 . 15 9 170 . . 

'Degree Pf..turbuleiice or'oloud. condition not reported. ,' 
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s Frequency distribution of various degrees of turbulence accord- 

ing to preoipitation conditPons on the occasions Of disruptive 
discharges to aircraft during the period from March 1935 through 
December 1944 

Degree of turbulence 
-. To.tal 

Precipitation Slight Moderate Severe nutmer 
condition ‘Of 

Humber'Percent Number Percent Number Peroent cases 
Of Of Of Of Of of 

cases total cases total cases total - 

None 15 B 3 2 2 1 20 
Rain 27 15 17 10" 5 3 49 
Rain and frozen 

precipitation 15 9 13 7 "43 Frozen precipitation 1 w3 
lg 11 22 13 4 2 

g 

Rail 3 2 0 0 2 1 5 
Hail and rain 1 2/3 1 2/3 1 213 3 
Hail and frozen 

precipitation 1 213 1 2/3 0 0 2 
Rail, rain, and frozen ' 

precipitation 1 213 3 2 1 0 5 
UnknoWn 210 '6 10 

Total a2 49 60 36 
'10 '6 

168 

lThe fraction 2/3 indicates , 2/3 of 1 p:cen", 
2Degree of turbulence or precipitation condftioi not 

reported. 

10. CONVECTIVE ACTIVITY IN CUMULIFORM CLOUDS 

AS COBTROLLED BY AIR MASS CONDITIONS 

An is clear from the data already presented, disruptive 
discharges to aircraft require for thefr origination the 
existence of a cloud and precipitatfon conditfon character- 
ized by convectfve activity favorable for the development Of l 

intense electric ffelds. The presence of s meteorological 



18 NAOA TN No. 1001 - 

eetttlng conducive to the formation of such ficlde is greatly - 
determined by (a> the characterietics and interactions of the 
air masses which form the basic constituenta of the weather 
eituation, and (b) the physical processes which take place 
within and between the air masses. (See appendixes I and V 
for introductory, explanatory material.) Since the air masses 
are basic elements in the meteorological enoironnont, ft is 
eseential to give them first consideration from the stand- 
point of those properties which control convective activity 
and cloud formations. From the atatiatlce given in the next 
section, it is evident that the convective activity and cloud 
developments which yield conditions favorable for disruptive 
discharges to aircraft are generally reeultants of the 
fnteractfon of air masRe8 of tropical and polar origin, perhaps 
oonditioned by passage over land or water aurfacee, and modi- 
fled or operated upon by various physical processes. 

Tropical maritime air masaea which are general1 
9 

warm, 
moist, convectively unstable at moderate elevations about 
2600 to 6600 ft or somewhat higher), and often oonditionally 
unstable to or above the level of 15O F temperature, are most 
favorable for the development of convective-type (cumuliform) - 
clouds and thunderstorma when acted upon by the proceseee 
outlined in appendix V, Other moist air ma8888 like those 
of Polar Pacific origin, which are modified by passage over .- 
a warmer surface and thus have become unstable, are also 
relatively favorable for such consenuences. Bresh outbreaks 
of cold polar or arctic air masse8 rapidly passing over moist 
terrain, considerably warmer than thornselves, are also con- 
ducive to the developments In question, provided the warm- 
ing from below is sufficiently prolonged to wipe out hindrancea 
to penetrative convection to high levels, such as, low-lying ' 
inversiona. . (An "invereionH is an increase of temper- 
ature with height,) 

If an air mass is abgplutely stable while oondensetion 
takes place, the clouds produced will form in layers, that is, 
will be stratiform (as explained in appendtx V), and the 
chances of electrical discharges to aircrn:t wS.11 be rela- 
tively slight. But if the air mass la oonditi;nally un- 
stable, the clouds will be of the cumuliform variety, and 
the chances of experienoing a discharge very much greater. 

The important clouda from the standpoint of this study * 
are: oumulo-nimbue, cumulus, and strato-cumulus, The 
definitions are as follows: 
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Stratocumulus: A layer {or patches) composed of glo-, 
bular masses or roils; the smallest of the regularly arranged 
elements.are,fairly large; they are soft and gray with darker 
parts.. These elements are arranged,dn groups, in lines,, or. 
in waves in one or in two directions. Very often the rolls 
are so close that their edges Join together. 

Cumulus: Thick clouds with vertical development: the 
upper surface is dome--shaped and exhibits rounded protu-- 
berances while the bass- is nearly horizontal. 

Cumulo-nimbue Reavy masses'of cloud 'with gr'eat ver- 
tical development, the cumuliform summits' kf which rise In 
the form of mountains or towers, the upper parts having a 
fibrous texture and often spreading out in the shape .of an 
anvil, -(The fibrous texture is indicative of the prese'nce 
of ice crystals,) Cumulr+nimbus clouds generally produce 
showers of rain or. snow and sometimes of hail, and often . 
thunderstorms. as well, 

Cumul-nfmbus clouds genexata the heaviest quantities .of 
electrical charge and contain the most intense electrical 
fields, They also are most hazardous. on .account of.the great 
strength of turbulent currents. and more frequent.presence of 
hail. 

. . 

Cumulo-nimbus clauds generally develop by'transformation 
from a toweri,ng cumulus cloud,after the top of the cumulus 
cloud has grown by convection up to a level where.freezing 
of water-cloud particles occurs, The presence of ice crystals 
formed by this freezing has an important bearing o‘n the 
characterietics of cumul.o-nimbus clouds mentioned. 

Each active towering cumulus and cumu,l&nimbus cloud has 
a more-or-less vertfcal core of rapidly ascending moisture- 
laden afr, It usually is displticed.somewhat.toward the lead- . 
fng half of the cloud. Surrounding *his core fs a zone of 
air extending to the edge of the cl'oud, which is chara.cterizsd-'-- 
by descending currents a good portjonof the time, Maqy ex- 
ceptions to this distribution may be found due to .local 
irregularfties, but fnkvery case turbulenc'e is likely $0 

be severe where strong conflicting currents adjo,in. "This‘is 
also true to some extent in the general neighborhood of the 
freezing level in active .cumulo-nimbus clouds, The. vertical, i 
upward velocity of the core-ranges from rates of about 1000 
feet per minute or slightly higher in ordinary, middle lati- 
tude, moderate cunulus clouds to as much as 9000 feet per 
minut-e or more in thunderstorms where large- hailstones form. 
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The top .of the rising current is usually very.turbulent in 
active, growing clouds. The downwafd veloci,ties are roughly 
of the order .of one-half.of the upward v-elocities but at 
lower Qvelq greater. values can sometimes be expected. 

. . ., . 
The ascent of the core of air is due to prevailing in- 

stability of the atmosphere under saturated conditions, which 
gives riss to convection. The greater the degree of in- 
stability the.more vigorous will be the convection and the 
more rapid will be the rate of feeding of water vapor into 
the cloud system. In addition, the larger the vapor content 
of the air miase, the lower will be the cloud base and the 
more copi.ous ,will be the supply of vapor and of latent heat 
for maintaining convection after c,ondensation begins. When 
the air mass is convectively unetable, the smaller the emOUnt 
of lifting necessary to secure release of the instability, , 
the great.er is the likelihood that the energy inherent in. 
the stratification w.ill become available for convective 
activity in the clouds. The deeper the laye.r characterized 
by instability (for unsaturated air below the cloud and for 
saturated air within the cloud layer}, the greater will be 
the height ,to which the ol'ouds grow and the more intense 
will be the oonvection. To assure cumulo-nimbus and thunder- 
storm formation, it is eesential that the instability for 
saturated air extend to elevations appreciably above the 
freezing level. The farther-above this level the region Of 
conditional instability extends, the more probable will be 
a transformation from cumulo-nimbus cloud to active thunder- 
storm, and the heavier will be the showers emanating from 
the storm. In those oasee where the freezing level in the 
aloud is a considerable distance above the lowest level at 
which free thermal convection begins, and where the con- 
vective energy imparted to parcels ascending through the 
interval is relatively .great, the velocity of the rising 
saturated aurrents beoomes quite large within the freezing 
zone. The cloud can then readily build up to heights well 
above the freezing level. Moreover, considerable quantities 
of water can be entrai.ned in the strong updrafts, so that 
the concentration of ice crystals and water particlea, beoomes 
great. The ice crystals grow by oondensation of vapor and 
by collisions with supercooled water particles which freeze 
on contact at temperatures below 320 F. Sleet pellets and 
snow crystals thus are produced. When sufficiently heavy 
they fall, colliding with other particles and grow further. 
On falling below the freesing level they melt: thereby form- 
ing large raindrops, Hail also may form if the sleet pellets 
suffer several up and down transits in the turbulent, wet 
air. When the updrafts are cut off in any way or are SO 
reduced in strength as to have less velocity than the volO- 
city of fall of the particles in still air. the water, hail, 

'Provided the potential pseudo-wet-bulb temperature 
exceeds 32O F. 

c 
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and so forth, held in suspension descend in torrents. 
Evaporative cocling below, aided by other thermodynamic pro- 
cesses, may augment the instability and cause accelerated 
descent of considerable quantities of underlying air. Down- 
drafts then become extremely powerful, and usually dangerous. 
Aircraft caught in such strong descending currents might 
possibly be carried to aarth. Twisting eddies with high 
accelerations may become so cverwhelmingly violent in the 
boundary region between the updrafts and downdrafts of 
thunderstorms and well-developed cunulwninbus clouds that 
aircraft can become unmaneuvernble or suffer damage. In 
addition, heavy ice may be deposited on an aircraft in the 
supercooled water portion of thecloud. 

High concentrations of electric charges are built up in 
particular regions of the cumulo-nimbus cloud by the action 
of certain electro-generative processes to be discussed later. 
(See section 17, and appendix VI,) 

Accordingly, the phenomena described in the preceding 
few paragraphs are highly conducive to the development of 
cumulo.-nimbus clouds and thunderstorms in which conditions 
very hazardous to aircraft may be encountered, 

The adverse conditions in towering cumulus clouds nay 
approach in intensity those outlined above for cumulo-nimbus 
clouds and thunderstorms. 

Tropical cumulus clouds usually arc characterized by 
especially severe turbulence and should be avoided, This 
injunction affects nighttime flying in the tropics, 

11. STATISTICS ON GENERAL METEOROLOGICAL SITUATIQN 

The classification of appendix V regarding meteorolog- 
ical processes involved in the develcpsent of cumuliform 
clouds is helpful in analyzing the general meteorological ' 
situations prevalent on the occasions of atmospheric elec- 
trical discharges to aircraft, Restricting the statistics 
to the period 193&44, inclusive, the following table shows. 
the number of cases of such discharges to aircraft in clouds 
end precipitation classified according to processes involved 
in their development, Owing to the great nulfiplicity of 
meteorological factors operating in som0 instances and to 
the difficulties of making correct analyses of synoptic 
weather charts in complex situations, SOEM of the cases 
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r,epo,r.te:d .in .c.er#ain cat,egorfes. hereundqr..may not be prnperly , 
- c Las s.gf I,e;d .;.,,-dowe.v'er', i't may ,b.e ex$ecte'd. t,hat -the data do 

in'dic,tite ne+arlg the pro'.per' .pr.oport.dons at- least in the pre- 
do'm$nant, ;:a@ & iL@i'e,:categdr'i $6. ., . .: : ,I 

hmpqr 
of 

RSS’S 
--L-B- 

as - . 
17 
16 .: 

.15 

14 
.I1 

8 
'7 

5 

5 
" 4' 

2 

'2 

----3i 

' Causati've prccesses.of clouds and, precipitntion 
' , . lnvolfvsd' (accbrdin:g'It,o r,eport:s rendered. by air- 

I_ Ji'i,$ 'iife.t~e~r'ologlsts) ; '. 
---7-- C-----i-----A----- 

C'o.ld-f.r~ont act$on:',.(+lon:e) ' , 
W'arn-'front action.' 

,, .+Heat,ing. of: en... air maFs..- f.rog. below' 
..O.rographic' 'lifting i!lte,qs&fying. front+rl action 
.: '1,1'ce.,ti.'e .o,cc&uded, frcnt; 14: cases,. cold 

hold) 
Orogrnhhic lifting (alone)' 
Occluded and upper-coldYf,ront action' 

.Prefroatal action :- 
,, Con~crRence2,:~alone) 

..:' -.. 
. . ,_. : ' 

'.~eni6inati'on.of.orogr_aphio lifting; .converf;ecce, :_ .;. and-front&y action 
,Com.binati.on;of~.orcgripphic liftkng; convergence, 

and,hea$+.ng. of ,air :masa,.,at surface '. 
"Orographic iffting.p~lu.~.4o~vection from heating 

of air mass at' surface 
,, Wave .actton. in ,cqnjyac.ti.on w:ith ,an 'occluded 

: ., * .,...'. 

-I---- -- -m---w-- ----I-P------- 
iagramnatfc representation o=oper-cold-front 

action may be f.ound, fin f.1.g. 63, p. '90, .Pefere.nco s , 

'Convergence*- Air-line and army meteorologists who 
.furnished .the .ontI.in-e,fo.r.this breakdown attributed these 

cti'ses t 0 c0nvergonc.e alone, It ,is prcbable that other con- 
. . ,.c'o,mftan$ caus.es were also: involved., and that with more 

derfnite 'in~fo.rma.iion, the,se qp.5.e~ c.ould,be distributed among 
the’, other.’ categortes. .: '.. . . . . . '. . ,* 1 

"Alth'ough,tho.dafa itiplp:,.thc 
,. -. 

indicated procesees are the 
principai',cap~at~ve,~~~~tor,~~ it ,must .be recalled that a nuk+ - 
her of factors us.ual&y cperate iq,sequence or' concurrently, 
either'pavlng th.e way for ..t.he final event i.n question or 

'immediately bringing it-about The information conveyed by - 
"the table must be .viewed~~with*this reservation in Eind, 
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The table indicates that in the cases under consideration, 
cold-front action was by far the predominant causative factor 
leading to the cloud formations and precipitation involved an 
disruptive discharges to aircraft.. Also of considerable im- 
portance were the effects due to warm-front action, heating 
of an air mass from below, orographic lifting (operating alone 
or in conjunction with cald-front action) and occluded- and 
upper-cold-front action. 

Probably the reason these factors appear mast frequently 
is that cumuliform clouds and thunderstorms produced by all 
types of frontal action and orographic lifting develop along 
lines which are difficult to circumnavfgate, whereas those 
produced by heatfng at the surface develop more or less in 
isolated groups which axe comparatively easy to avoid and 
hence are not so often reported. 

12. ST. RLMO'S FIRR (CORONA) AND PRECIPITATION STATIC 

As a rule, but not invariably, disruptive electrical 
discharges to aircraft flying tn clouds or precipitation 
have been preceded by moderate or severe St. Elmo's fire or 
precipitation static. The proportions with which the dff- 
ferent datensities have been experienced under these circum- 
stances are shown by the following data: slight, 16 cases; 
moderate, 45 cases; and severe, 79 cases. 

The time prior to the disruptive electrical discharge 
that the static or St. Elmo's fire we8 first noticed varfed 
from 42 hours to a fraction of a second. The most frequent 
time was in the neighborhood of 2 to 3 minutes, although 
20 to 30 seconds was also quite frequent, 

Some idea of the relative dtstribution of St. Elmo's fire 
on the various parts of the airplane is given by the follow- 
ing data which represent the number of times the phenomenon 
was reported at the fndfcated locations: 
22; wing, l:-; windshfeld, 

propeller, 41; nose, 
8; static and pitot tubes, 4; wind- 

shield wiper, engines, transmitter, and entire airplane, each 
1. It is probable that corona discharges and streamers often 
have accurred at tail and other surfaces but were not re- 
ported because the pilot did not see them. 

The St. Elmols fire took a form varying from fine-brush 
discharges to corona streamers ranging approximately from a 
few inches to 10 to 15 feet, or even longer (the latter 
roughly 4 to 6 in. wide), streaking from the propellers and 
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projecting forward, like forked fingers from the wing tips, 
A halo of the Streamer6 might envelop the engine or the nurse 
'of the airplane, 

Theoretical. Discussion 

The corona discharges, being vinable only as St, Elmo~s 
fire in the darkness and invisible in the daylight, could 
not always .be observed, evan thou,gh present, Precipitation 
static, whfch consists of llcrying,lf hissing, or lifryingft 
noises that may run up and down the musical scale in the 
radio receiving set,, it3 apparently itue to corona discharges 
from various sharp .or convex points on the aircraft. The 
corona discharge takes place wnly frcn a given point when 
the potential gradient in the air adjacent to the point 
reaches a certain critical value, dependfng largely on the 
air density, The digcharge has the character of a direct 
current with steep 'wave-front current impulses .which produce 
radio interference and seriously hanger the usefulness of 
radio equfpment, (See references 5, 7, and 8.) 

Metallic aircraft, while flying through certain metecr- 
ological conditions, can build up potential gradients of 
considerable magnitude at .favorable poi.nts, principally by 
the following processes: 

(a) Generation of,electrical charges by,triboelectrio 
effects (that is, by friction or contact), in- 
volving the action of the moving airplane and its 
parts (including propellers):on asJ=, especially 
dry, suspended.particles, such as ice crystals, 

psnowflakes, sleet, hail, sand, and dust on- 
countered In flight. The action nay be by split- 
ting, glancing collision, or pressure, that is, 
pieaaelectric effects. The mechanisti of charge 
generation involving solid particles is by far 
the most effective of all the mechanfsLis here 
listed (a-d); Wet snowflakes, by themselves, 
give little electrical charge to an aircraft en- 
countering-them, . 

(b) Generation of electrical.charges by triboelectric 
effects involving the action of the moving air- 
plane and its parts on suf;pended water droplets 
encountered In fl-i&t. Generally, the vlolcnt 
disruption of the droplets, (by acceleratfons or 
decslerations of the medium carrying them, as 
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shown by Lenard (see reference 9)) causes the 
larger fragments to acquire positive electrical 
charges and the more minute fragments flung off 
or the associated ions carried by the air to 
acquire negative charges. The residual, larger 
fragments, coming into contact wfLth the aircraft, 
impart their charges to it, Compared to the 
mechan-i-sm given-under (a), the Lenard effect is 
of relatively little importance from the present 
viewpoint and charges the airplane to a minor 
degree. 

(c) Collection of electrical charges on an airplane by 
collision vith prkdoximntly ,postively or negatively 
charged cloud or precipitation or dust partiules, 
or ions. (This phenomenon is 1ikel.y to be of 
minor importance under ordinary clrcunstances.) 

(d) Generation of electrical charges by a mechanism in- 
volving, first, induction of charges of some 
giv'en sign on leading and trailing edges, res- 
pectively, Gf wings, due to the influence of the 
electrical ffeld .component which coincides with 
the heading of the airplane, and second, selective 
attraction to the leading edge of charged par- 
ticles having opposite sign, (This induction 
process is analogous to that descrfbed by Wilson 
for electrification of falling drops in a verti- 
cal electrical field, (See appendix VI.) It is 
possible that the 'process for present purposes 
is not likely to yield important quantities of 
electrical charge.)' 

The foregoing processes will-be most effective for 
charging up the airplane when they act cooperatively. Iit is 
apparent t,hat this cannot occur except in precipitation and 
in clouds which tend to generate electrical charges within 
themselves and which are acted onby mechanisms that permit 
separation of the opposite charges, thus leading to creation 
of strong eJectrfc..fiel.ds. Therefore,' cumuius and cumulo- 
nimbus-clouds.as well as thunderstorms come into consideration 
here. In addition, grecipitatfon from such clouds generally 
carries charges; while snow and ice crystals likewise do when 
in turbulent air because of triboelectric effects among the 
particles themselves, Fogs and stratiform clouds consfsting 
of water droplets are not characterfzed by strong elec-Lric 
fields and usually are not 'ass,ociatcd with St, E;mots fire 
and static, Dust stormti'generelly lead to generation of 
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electrical/charges by triboelectric action and marked modi- . 
fication of the. earth's .electric field, so that corona die- 
charges are possible therein. 

During fright through.falling snow and ice crystals, 
especially when cold and .dry conditions prevailed, pilots 
have often experienced corona discharges. Airplane wind- 
shields have,.thns .bee-n observed to glow with a brush dis-;. 
charge. This probably is due largely to the feet that tribo- 
electric' action involving frozen moieture particles is highly 
efficacious for producing charges, doubtless more so than for 
liquid water, weight for weight, An additional fact, based 
on observationsby pilots Is that the transition stage in which 
water droplets are forming ,by meltfng of snow is lfkely to be 
characterized by especially intense corona discharges and pre- 
cipitation &atfc. Light rain ordinarily yields little or 
no static. 

The explanation of the causes,of corona discharges during 
flight is not sim$le, and ali the details are not fully known-. 
However, it appears reasonable to consider that the follow- 
ing two factors are of primary.inportance in connection with - 
the phenomenon,:, 

1. Under circumstances favorable for the operation of - 
the electrical generating and collecting processes outlined, 
the airplane will acquire electrical charges, When the 
charges are acquired,they distribute thanselves over the 
entire external conducting shell of the airplane. However, 
in view of the o.ptual repulsion of like charges they tend to 
concentrate in the extreuitfes, espocfally on parts of greatest 
convexity like wfng tipe, tail, nose, propeller tips, non- 
shielded radio..a'ntennas,. or any other existing sharp points 
or edges. Owing to. this effect, the potential gradient in 
the immedfate neighborhood of the airplane, due to the con- 
centration of;charge.a, wil1.be.a naxintim.in the air space 
adjacent to the projectfons of greatest,convexity, When the 
amount of accumulatgd charge.is'sufficient, the resulting 
potential gradient in the air adjacent to the more sharply 
curved projections may exceed the critical potential gradient 
at which the air ceases to be a good insulator and breaks 
down electrically. Then, brush or corona discharges occur 
from the protub.erances fn question. A greater accumulation 

- of charges will lead to development of the critical potential 
gradient near .biunt,e;r projection-s and' so extend the corona U 
discharges to add.it.;Lpna'i-3!arts-of the airplane. . 
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. 2. When the airplane is in an electric field, say be- ' 
tween two oppositely charged regions within a cloud, negative 
charges are induced on that portion.of the airplane'8 COn- 
ductfng surface which is on the side of the posi'tively charged 
cloud region, while equal positive charges are-induced on the 
oppcsite surface. This effect is indep.endent of any net charge 
which the afrplane may have acquilred; The concentratfoa Of in- 
duced charges is greatest at protuberances or p'oints,of 
greatest convexity in lfne with the original field and the 
resulting potential gradient is most intense in the adjacent 
air spaces. .a .., 

., 
The ahonosenon may be summarized by saying that the mere 

presence of the Letallic craft wfll distort the electric field 
in its nefghborhood in such a way that t.he potential gradient 
at those extremities of the aircraft which are directed'. . 
parallel to the field will be nany tines as great as the 
potential gradient of the undisturbed electric field prfor 
to entrance of the airplane on the scene. This may'be illus- 
trated by the followFng hypothetical examples ff an :un- 
charged (all-metal) afrplrtne had the shape of a sphere, its 
introductfon into a uniform electric field would distort the 
field and produce a s,?xinum of potentfal gradfent in the,air 
spaces adjoining diametrically opposite points on the sphere 
lying fn the direction of the original field; The potential 
gradient at those points will be three times as great as the 
original potentfalgradient fn the undisturbed field, The 
potential gradiont at sharp protruding objects in the nefghbor- 
hood of these pofnts would be very much greater because of 
the concentration of charges mentioned. 

When the initial potentfal,gradiont of the f.ield is 
sufficiently great, the process of fnduction of charges just 
outlined may intensffy the potential gradient to such an 
extent near favorably situated protuberances that the critfcal 
potential gradlent at which coronas form will be attained. 
As previously explained, this 'leads.tj SD. Elao's fire at 
these projections and radio Pnterference. 

' 
A dtsruptive dfsohargcdo.es‘not follow unless the average 

potential gradient in the"spnce -between afrplane and charged 
cloud regions is sufficiently high to permft the propagation 
of pilot streamers from the airplane to these.regions, so 
that the charges nay be tapped and a lightning discharge 
ensue l (See appendfx YII and sectfon 18,) 

It is possfbla for the two factors described((1) acquire- 
ment of charges, ands(2) ititensification of potential gradient 
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at extremftfes due to distortion of field by incSuced,chnrges) * 
to act cooperatfvely, thereby .atrengthanfng the potential 
gradient to a greater degree..than ia possible by the action 
of either factor alone, In this manner izorontis. of conalder- 
able Intensity may be produced, 

On, comparing the relative potentialftles of the two 
factors in question, it seems likely, .and there ars reasons 
for believing, that the more intense glow and brush dia- 
charges may be experienced when approaching the edge of a 
charged cloud, or when flying in a strong electric field 
between two oppositely charged regions of cloud. Corona dis- 
charges are generally nflder if due only to the acqufring of 
a net charge by the airplane, Discharges from this cause 
will be encountered more frequently than thoee from strong 
electric fields, especially when flight is conducted where 
ice crystals are plentiful or where dust storms are in progr888, 

Static interference in the radio equipment may become 
very severe from the marked steep wave-front current im- 
pulses which characterfze corona discharges of notable degree. 
An intensification of the disturbance also may occur by the 

I 

impact of electrically chargod precipitation particles upon 
expoaed antennas-or other radio parts which shock-excites 
the radio circuit and creates 1ntarference.l 

Pilots have reported, in accordance with theory,’ that 
increase in intensity of the corona discharge, judging by 
visual observations, is attended by increase in severity of 
the radfo interference. 

Various devices have been used to reduce preci 
P 

itation 
etatic. (See, for example, references 6, 7, and 8. With 
regard to these, Gunni hae summarfeed the matter as follows! ' 

(a) Shielding of the receiving antenna loop has been 
observed to reduce fnterference under all condi- 
tions at low frequencies. 

(b) Discharge devices connected to the airplane notably 
reduce the interference, especially at tempera- 
tures below 20° 2, if they are placed at a con- 
siderable distance from the airplqne,.by use of 
a trailing wire or otherwise electrically de- 
coupled from-the airplane. 

. - 

lGunn, Boss (U.S. Naval ECesearch Gaboratory): Informa- 
tion as reported at a National Defense Research Committee 
conference. 
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. 

(c) The quasi-musical nature of much of the inter- 
ference and the fact that maximum reduction is 
obtained .whsn the sharp points are r.emoved a few 
feet fron; the airplane emphasiees the fact that 
a large percentage of the actual interference is 
local in nature. 

affects of Speed 

It has been reported o'ften that the intensfty of pre- 
cipitation static fncrenses w5t.h fncrease in airplane speed, 
and that the fntensity of the static may be reduced by de- 
creasing the speed. 

Several explanations have: been offered for this phenom- 
enon. In regard to these it should be noted that the larger, 
faster, and more numerous the propellers, and the larger and 
faster the airplane, the more rapid is the rate at which it 
may produce and acqufre charges. When just enough charges 
are accumulated at lower speeds to cause attafnment of the 
sparking potential gradient near projections of greatest 
convexity, a limited amount of corona discharges must result. 
This involves an equilibrium condition wherein the rate of 
leakage of charges from the afrplane via the corona currents 
is equal to the relatively low rate of accumulation of charges. 
As the speed, and hence the rate of accumulation of charges, 
is increased, there is an augmentation of the charges held 
on the afrplane, attended by an increase in fts potential. 
This follows because the limited leakage of charges from the 
sharper points has been insufficient to prevent this change 
in potential from occurring. Therefore, the potential gradient 
will be intensified at these points and the sparking potential 
gradient may be attained at projections of less and less 
convexity. Consequently, the total corona current, and hence 
the intensity of the precipftation statfc, must increase wZth 
tho speed and the other factors noted. 

3'urther explanation of the relation between speed, 
aorona discharges, and precipitation static may be found in 
the effects of an airplane flying through charged precfpi- 
tation or cloud particles. The motion of the airplane rela- 
tive t0 the particles forces them to be drfven closer to- 
gether and then possibly to coalesce. If two liquid water 
droplet.5 possessing an equal quantity of like charges are 
caused to merge, the resulting single, larger droplet will 
have a greater field atrength at its surface than the original 
droplets, barring changes in the external field conditions. 
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Differences of potential are thus established between large 
droplets and smaller droplets similar to those frotti which 
they are formed by coalescence. (This may be readily shown 
to be the case under the assumption that equal like charges 
reside at the surface of the smaller droplets and that the 
droplets behave like conductors.) 

When the larger droplets are brought into Juxtaposition 
with the remaining smaller droplets, a corona discharge or 
spark may forn between them because cf the potential dif- 
ferences in question. If this occurs i8 -the droplets become 
contiguous to the airplane, the corona or spark will convoy 
charges to or from the metallic structure. If the latter ia 
at a different potential than 'the droplets, the sparking will 
be heightened. Thus, as the intermingling lnrge and small 
droplets are swept along the surface o'f the aircraft, the 
multitude of minute currsnts produced irregulgrly -in this 
fashion creates radio interference, As the speed increases, 
the effect will undergo a corresponding intensification. 

An attendant phenomenon is of interest here in con- 
nection with the ram action of the airplane, The driving 
of the airplane through visible moisture crowds togather a 
myriad of the precipitation or cloud particles, If these 
are largely of one elgn electrically, the squeezing or con- 
centration of any given number of the charged particles into 
a smaller space increases the local field.intensity and po- 
tential gradient. As a consequence, there is greater elec- 
trical induction on the surface of the airplans structure 
and hence strengthenfng of the potential gradient n.ear the 
extren:ities. Since increased speed produces greater ram 
action, it follows that this will be accocpcnied by greater 
manifestations of corona and precipitation static. 

Another effect of coalescence of water droplets now nay 
be indicated. Eacky (refarence 4) has shown experimentally 
that larger droplets will go into corona at a lower potential 
gradient than smaller droplets. Before the passage of the 
airplane the existing field night have A potential gradient 
Just insufficient tc cause the original small droplets to go 
into corona, but when larger droplets aro formed by the action 
of the airplane, the potential gradient may be sufficient to 
cause corona glow or posefbly even sparking at the droplet 
surfaces. The extent of this phenomenon would.be determined 
by the speed of the airplane, and hence it follows that radio 
interference would increase with speed, whore the corona or 
sgarking from droplets occurs near the surfacs of the air- 
plane as they impinge, 
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13. PATE OF DISCHARGE THROUGH AIRPLANES 

A concept of the relative frequency with which atnos- 
pheric electrical discharges have taken different paths 
through netal airplanes ia given by the following table 
based on approximate data, (Some of the available reports 
are incomulete in exact details;.so the results are subject 
to revisien,) 

Approxiaate 
lumber of cases -- 

19 
7 

: 
18 
10 

8 
2 
9 
6 
4 
4 
5 
1 
1 
1 
1 
1 

2 - ------ -- 
'I 

Path of discharge or reverse 
W+ng tip to wing tip (or aileron)' 
Wing tip to tail2 
Wing tip to trailing antenna or wire 
Wing tip to fuselage 
Yose to tail' ' 
Hose to wing tip 
Nose to trailing antenna or wire 
Rose to fuselage 

-. 

Propeller to tail' 
Propeller to wing (or aileron) 
Propeller to trailing antenna or wire 
Fuselage3 to tail2 
Fuselage to trailing antenna or wire 

'Pitot-static tube to tail3 
Pitotstatic tube to trailing antenna or wir 
Motor to trailing antenna 
Motor to tail 
Leading edge at center of right aileron to 
trailing edge 
Radio antenna to wing 

'Two cases are not included in the above list since they 
appear to be due to two or Ilrore dischsrges, In the first 
case, it was reported that fused marks appeared on both wing 
tips, the noserand the tail. Arc-welded spots on the tail 
cane were blown open, and the trailing antenna was burned off. 
In the second case, it was reported that lightning burned a 
small hole in the right wing, and produced pot marks on the 
propeller blades and the hub. Also, the fixed antenna was 
burned off the fuselage at the rudder post, and the pickup 
arm ,track was burned and buckled. 

Tail - some part of tail assembly, aa tail cone, rudder, 
stabilizer, elevator, tail light, etc. 

'Two of the cases listed under "fuselage" here involved 
the fixed antenna on top of the fuselage, 
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,Tpe foregoing information indicates a preference for 
disoharging,via the longest dimension of the airplane, 
that is, from nose to tail or.trailing wire, or from wing 
tip to wing .-tip.. 'However, diachargee involving much .sh.orter 
paths-and pointe of entry or 'emergence on or near the fuselage 
are not infre.quent, .' 

14. STATUS OB TRAIiiNG AHTFSNA AND STAT10 DISCBARGE WIRE 

Only a emall'proportion of the aircraft which made a 
report oh disruptive discharges were,equipped with trailing ' 
antennas. In regard to those which were thus equipped, the 
ttiailing antenna was reeled out on approximately half of the 
occasions of disruptive discharge. However, only about one 
in three of the trailing antennas reeled out was grounded to 
the aircraft at the 'time of the discharge. Damage to the 
radio equipment is quite common whon trailing antennas are 
employed, since existing lightning arresters do not provide 
the neoessary safaguards to the communication facilities in 
all casea where the antennas are angrounhed. 

.I 
. During the period 1941-1944 there were 83 case6 where 

report was made, con,cerning the use of a static disoharge 
wire; in 45 percent of these' t.37 cases> the anti-static 
wire was operative at the time of the disruptive discharge. 
It is to be expected for reasons outlined later that the 
ratio of number of cases of damage to radio equipment to 
number of caaee trailing antennas were used is significantly 
greater than the ratio of number of cases of damage to radio 
equipmept.to number of cases static discharge wire is used 
without trailing antenna. This 8eems to be borne out by the 
me$ger atatisti.cs' available. . . 

Some .adverse'and favorable effects of these devices on 
disruptive.diacharges are 'now considered. As previously 
explained, keeping a ttiailing antenna ungrounded augments 
the chances of damage to the radio equipment by such eleotrical 
manifbstatione. However; a grpunded antenna may possibly be 
oonducive to a slightly mbre intense discharge than an un- 
grounded one,, since greater potential differences and more 
extensive concentrationa of electrical charges in clouds 
may beoome involved in the former case than in the latter. 
Any grounded trailing wire provides ascone of proteotiorb to 
the tail, fuselage, and, to a slight extent, the wings, against 
lightning strokee from certain directions relative to the afr- 
plane; however, the wire is burned off at some'point if it &a 
struck. 
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Trailing antennas and wires increase the conductive length 
of the aircraft and provide sharp-pointed extremities, there- 
by increasing the chances of a disruptive dlscharge to the 
aircraft. Xor, when an aircraft with a trailing antenna or 
wire enters a region of steep elec-trical poteptial gradient, 
the increase in length and the presence of the sharp-pointed 
extremities may be inatrunental in setting off a disruptive 
discharge which might not have occurred in the absence of 
these modifying factors. (See section 18 for further 
explanation.) It also appears probable that the intensity - 
of the resultant discharge generally would be greater-when 
a trailing antenna or, wire is employed than otherwise. 

. 

A favorable aspect is of interest: Grounded. trailing 
antennas and static discharge wires.may have some mftfgative 
influence on the frequency of disruptive discharges to air-- 
craft. Thus, the trailing conductors cause leakage of 
electrical charges from the aircraft, thereby maintaining them 
at lower potentials and reducing the intensity of corona 
discharges. Under some circumstances, these effects cause 
the extrenities of the slightly charged aircraft. to be 
subjected to less-.steep potential gradients than-highly charged 
aircraft of the same geometry, and hence tend to reduce-the. 
likelihood of local development of gradients;fn.excees.of 
the value at which sgarkfng begins. 

It is probable that the adverse fnfluences of trailing 
wires are predominant within or near convect.fv%type cloud-s 
(such as cumulo-n-bus.1 chnracterdzed by steep potential 
gradients; whereas the favorable influences are .yr-edominant 
in precipitation of solid form such as fee.-cry-, dry 
anow, dust, or sand, where potential gradients are generally. 
weaker thaa..in.thunde-retorms. 
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15. LOCATION AND EXTBNT OF BURN MARKS OR DAMAGE 

The frequency with which varinus pnrte of airplanes hnve 
I sustained damage due to disruptive discharges is indicated 

in the fallowing table: 

Frequency distribution of various parts of the airplane 
that have been damaged on the occasions Qf dieruptive 
discharges to aircraft, according to available data for \ the period March 1935 through December 1944. 

Illustrative case 
nunberl 

1,2,9,12,17,18 
3,4,5,6,7,8,13,15,18 
3,7,8,10,11,13,16,17 
7.8,9,11,15,17 

Number of . 
rtafw- $imssdamRp.ed 

Wing and/or aileronec 81 
Tail Aeeemblfl 67 
Trailing wire or,antenna 50 " 
Radio4 32 
Propeller 30 1;6;8;9,12 - 
Nose5 
Antenna (fixed) . 

29 6,7,12,13 
28 

Fuselage (excluding nose> 27 
9,11,12 
4,10,11,14,16 

Pair-lead or auxiliary 
trailing antenna release 14 13,15,16 

Compass 6 5 ,g 
Antenna reel mechanism 3 
Direction finder' 3 

'. Radio compass 2 
Bulkhead 2 
Billet (rosr of left 

8,16 

wing fillet) 
Engine 10 
Lightning arrester 8 
Cable duct and cable 10 
Interior lights7 
Tail wheel 
Pickup arm 1 9 

'See corresp onding CRSQ number in follcwlng text. 
'In this classification, each instance where both wings 

wer 8 struck was counted as one case. 
Tail Raeembly was c?naiderad to be any part or group of 

parts among the following: elevator, rudder including tubular 
rudder bow, stabilizer, tail cone, static cartrfdge tube, and 
t&it-light. 

'Includes three case8 where the radio became temparnrily in- * 
operative. 

5Caeee classified as 'fno~e" include a few cases of damage to 
pitot-et&tic tube. a 

'Includea one case where the direction finder became 
tern orarily B 

inoperative. 
Trouble light In pilot's cockpit and dome light in navigator's 

compartment burned out ;no fuses burned out, however. 
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The statisti-es revs&i, as would be .expected, that damage : 
occurs most often to the extremities gf the aircraft, with 
some preference shown for parts of small radius of curvature 
or sharp edges, such as of wing tips, ailerons, rudders, 
trailing wires, and so forth. Howe+er, it should not be 
inferred fr.on this statement that exposed parts of large 
r8diUS of curvature are I'mmune from damage due to lightning 
strokes,. since the fuselage has suffered such damage on 
numerous occasions, and 8 fillet (between Wing and fuselage) 
was subjected to lightning burns in one case, 

fllUStr&tiOnS Of the more Severe C8SeS’Of damage are 
shown in figures 1 to 13. 

The damage to the ,aircraft may consist of: burning off 
of the fixed or trailing antenna or trailing wire; fusion 
Of fair-lead; fusion o'f parts in r&d10 circuits; small holes 
burned in or through tUbUl8r rudder bow, stabflieer former, 
or elevator frame and sdjacent frtbric scorched, burned, or 
torn loose4 small pit marks or fused spots burned on skin, 

. rivets, and so forth; small holes bur'ned. through skin or 
de-icing shoes; small hbles.burned thriugh bulkhead; pit 
marks burned on propeller blades or hub cap;. seams opened 
ne8r tail cone; demagnetization or. disturbance of magnetic 
compass (see cases 5 8nd 9); automatic dirsction finder 
loop motor burnt out; and so'forth. X'irse were caused inside 
of the'airplane in several'cases (see cases '9.qnd ll), while 
in other instances smoke alone was obse-rved. 

In c8ee 9, two engines cut out occasionally~for 8 few 
minutes after the discharge. In a second case, 8n engine 
appeared to stop for ~-few seconds, but quickly'reeumed 
norm81 functioning. fn a third caae,onetengin'e was reported 
88 "rough" for about 45 seconds after the'disch8rge. In 8 
fourth instance ( a port en ine on & British passenger air- 
craft etrdck Apri!, 17, 1926 & an engine appeared to st.op for 
a few seconds. It continued to miss, at first badly, then 
to a decreased extent for the next.hour. .(&L the latter C&Se, 
the conp8ee became completely unreliable. This apparent19 
w&S due largely to magnetia8tion of nearby engine 8nd radiator 
control rode and tail adjustment control chain. The permanent 
msgnets of the magneto may have been Similarlg influenced, 
8nd so nag have caused misfiring of engine.) G 

The fused spots referred to give the pr.ecLee.aap-pqar-snce 
of spot welding with an indentation of the order of one-half 
the thickness of the skin and 8n area varging from the sise of 
pinheads to roughly the sise of a 'silver dollar. Where holes 
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are burned thr ough , beads may be left where the metal melted. 

The foregoing statements are illustrsted by the follow- 
ing descriptions of damage done in several casea, selected 
to show the range and nature of damage\ 

I 
c&se. 1’: Bad burn 011 one propeller and seven holee of 

l/4 --inch diameter on left wing tip. 

ih.fu-al. ‘37 holes in left, de--fcsr, 27 holes in right 
de-iper. Holes about as large a8 pinheads. 

Caea 3: ‘Erafling wlre'burned off. Insul.%tlon stripped 
from antenna fn tail section. 

CRssBL Rafnt of entry: tOif Of rudder. Point of 
emergence: belly of fueelage. .Damage: hole 7/8 by Z/4 inch 
of irregular shape burned on top tubular bow of rudder 10 
inches from leadfng edge, Hole 21jz by l/2 t o 1 inoh wide, 
of ‘IrrsgulRr shape burned in side. of rudder belov hole de- 
scribed abo'ke. This hole was in metal leading edge fair- 
fng on cap of rudder, Fabric on top of, rudd.er scorched 
and burned. A hole l/4 inch in diameter burned in trsil- 
iag edge of rudder flettner.’ Belly of afrplane from I.e%d- 
ins edgeeof wfng to rear compartment rockmarked by small 
welded s>ots, with on’e hole l/l6 inch diameter burned in 
under side of wing. 

. .!Ih.B.eBL .Point of entry: airspeed pitot tube. Point 
of emergence: tubular bow forming top of rudder * Damage: 
pitot tube head badly burned; pftot heater wiring burned 
and shorted. 'Gmpass -demagnefized. ‘Pubulsr bow formine: 
top of rudder- burned almost completely through. First 
rudder. rib from top damaged by secondary dfsulz-rge, zab-- 
rfc damaqed'st both burns. Steel structure in nose aeo- 
tfon nagnetiBe,d !o that new compass could not be compen- 
sate,d with compensating magnets? Kfignetisatfon of steel 
et'ructure dis+ppearo& in apuroxima,tely three weeks. 

Gaaa-62,. -Point of entry: propeller tir. of left engine, 
Point of emergence: left elevator. Damage: proFeller tip 
burned. Pftted.hole apprsximately l/4 by 3/8 inch burned 
in left elevator. Propeller burns started at tip and ex- 
tended in sbout 1O'fnches; burns at trailtng edge burned 
to a depth of approxlmatoly l/16 inch. 
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Case 7: Point of entryi nosed Point of emergence; 
trailing antenna. Damage: burned-off trailing wire antenna; 
burned lead from tuning unit to tail-cone insulator; fused 
gate latch; many (50 to 60) small fused spots near nose. 

Gaati Point of entry: 
propeller (hydromatic). 

tip of one blade of -left engine 
Point of emergence: tail cone of 

fuselage, radio trailing aerfal. Damage: propeller tip 
slightly fused and plating burned. Rear bulkhead of fuselage, 
hole l/4 inch diameter and directly in line another l/4 Inch 
hole in stiffener of tail uone. Trailing aerial, burned off 
completely, leaving connecting.lug and.short (1/8-i=.) piece 
of burned wire. Lightning arrester almost completely burned 
off. Rear bulkhead lead-in Bakelfts bushing destroyed. Hole 
pierced In lead-in Bakslite insulating bracket (transmfttlng 
end). Becefver section of Transmit-Eeceive relay in trans- 
mitter completely burned off. Communication receiver rendered 
inoperative. Tvo (5-ampere) 12-volt power supply fuses burned 
out. Transmitter lfons indicator lamp burned out. Transmttter 
was operative upon using auxiliary trailing aerial. Wain range 
and auxiliary receiver equipment evidently was unharmed, in- 
cluding loop, loop antenna, and two "Ts aerials under airplane. 

Csse 9: (090444) Apparently two or more strokes were 
involved in this case since damage to the exterior structure 
consisted of: a small hole l/4 inch in diameter burned in the 
right wing near the leading edge at a point about 3 to 4 feet 
from the fuselage and 8 inches In front of the rfght wfng fuel 
tank; pit and scorch marks burned on the propeller blades and 
hub; top antenna at tip of vertical fin burned through; pickup 
arm warped; and track on the pickup arm burned and buckled. 
(The pickup arm was the lowest and rearmost metal part of the 
aircraft.) The radio equipment and antenna were damaged to the 
following extent: transmitter-receiver relay and band change 
switch burned out; receiver switches on Instrument panel burned: 
antenna burned off from fuselage and rudder post; antenna lead- 
in leaky; master fuse developed lohm resistance; and ground 
wire on receiver cable burned off. (The antenna extended 
from wing tip to rudder post to wing tip, with a leadaln from 
near the rudder post to the center of the fuselage.) The 
followFng members were magnetized (polarity not indicated): 
fuselage structure, landing gear oleos, tall fork, stabfliser 
structure and struts, steel wing structure, and engine mount _ 
fittings. The magnetic compass vas useless and indicated270O 
regardless of the airplane heading. (Undoubtedly the wlde- 
spread magnetisation of the various structures caused a magnetic 
field of such intensity fn the neighborhood of the,compass that 
the compass indications were determined solely by thfs 
Permanent but purely local field.) 
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- Clas~J& (Short Pros. S.30 flying boat). Tho aircraft 
had a trailing aerial 200 feet long. This fused at the 
point‘ of attachment to the winch which is situated on 
portside of the hull.. At A pcint where the aerial is close 
to the skin, the flash struck across to the skin, melting 
hole 2.8 Inches square in 8 cable duct, split 2 Z-SeCttOn 
stiffeners, Split the skin, and burned a fabric-constructed 
heater duct apart. The cables in the duct suffered sli(?ht 
damage. A -slight f,ire.was caused in the aockpit but was 
extinguished In 40 8eCOndS. Two engines cut out occasionally 
for 8 few minute8 afterward. 

Q&g9 11: Co41.444) Point of entry: right rear fuselage. 
Point of discharge: trailfng antenna. Pxaminat i on of the air$!-ane 
showed 30 small holes-burned on the rfght rear fuselage. 
The aommand antenna was burned off with the exceptfon of 
8pprOXimately 2 feet at e&ah terminal. A~proximatoly 150 feet 
of. trailing antenna which was unraeled at the tine of discharge 
was burned off. one wire Zeading into the liaison tr&nSmitter 

r was burned brittle and the liaison transmitter relay burned. 
(The 10 marks on the fusel8ge may represent the terminal of 
1 atroke which had 10 sucessive current peaks. The command 
antenna m&y h8Ve represented an eleventh current peak of 

+.the sane stroke or.possibly a terminal of a second Stroke. 
sine@ ft would be ualfkely for lightning to enter at the 
command antenna snd,keave just a few feet away at the fuselage, 
the trail'ing antenna uas probably the other terminal In each 
case.).' After the disruptive discbarge, the engfneer.on board 
the afrcraft observed a fire in the radio room at the sntenna 
entrance, 8nd fmm.ed3ately used a fire extinguisher to check 

,and smother the blase. 'On iearning of the fire, the pilot 
headed’the aircraft toward its base.field and landed, Damage 
caused by the ffre was "relatively minorn and consIsted of 

’ burned upholstery,, wiring, snd la-gging on the fuselPge adjacent 
to the trailing, .an$enna -ree.l. However, so much smoke war3 
caused by the fire that visibility in the radio room durfng 
flight w&s seriouslyreduced. The smoke spread throughout 
the fuselage, and even after landing smoke continued to 
escape from the rear of the plane. 

C&Se 12: (~‘l.#j+oB) Point of .-en-try': no0e portion. 
Point of emergence: mainly left wfng tip. Damage: marker w 
antenna burned free from front mast. Numerous puddle marks 
8nd one small hole (l/4 i'n.) i n rfght side of nose portion 
of airplane and for ap.prox,imately B feet back from nose portion. . 
Small fused portion Ho. 2 b$ade right propeller. Approxfmately 
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4 inches fused section on left wing tip, approximately 12 
inches back of navigation light. Patigue "flowers" with 
5-inch radius from greatest indication of fusion on tip 
(on upper portion of wing) with scorch marking just forward 
of fusion. 

&se 13: Point of entry: nose. Point of emergence: 
Pesr tail cone at trailing antenna outlet. Damage: trail- 
ing wire antenne. burned off at plug-in and also burned 
&w&y inside of tail cone. Tube cont8infng emergency . 
trebling-wire antenna ~8s kinked so that it w&s impossf- 
ble to rele8se. &if e switch of.emergency antenna was 
broken. ' Tail cone looked like it w&s blown open, 811 rfv- 
ets being gone for 8 distsnce of spproximstely 24 inches 
forward from t&i1 light, which was hanging by its wires 
8nd w&s still lighted. There w&s an 8re8 approximately 
1 foot square on top of the nose of the airplane on the left 
side of the aenter where the met81 was blistered. t It seem8 
possible that the dfaaharge caused sudden vaporiestion of 
water whfch map have seeped into the t&if cone during 
flight through rain snd thus produced the explosive open- 
ing Of the t&i1 cone. Better sealing of possible openings 
for water to get in presUm8bly would prevent recurrences 
of such effects. The opening of se8ms in the tail cone 
could result from rapid expansion of air due to the heat 
generated by the heavy discharge current, and melting and 
arcing in the,n&rrow spaces of the suxllfary antenna rs- 
lease mechanism.) 

En.sa 14. . There was evidence of a discharge on the 
airplane near-the outside air temperature bulb. Small 
holes were burned in the fuselage back of the temperature, 
bulb on the left side of the cockpit between stations 29 

, 

and 63. (Holes.afterward were plugged with 5/32-inch- 
diameter 17 SD BE rivets, 
placed,) 

and air-temperature bulb was r8- 

Cage 15: Point of entry: antenn8 fair-lead above cock- 
pit. Point of emergence: trailing edge of left elev8tor. 
Damage: in addition to a blinding flash, 8 shower of sparks 
shot 811 over the cargo compartment companionway aft of the 
cockpit for several seconds. Binding post of radio-frequency 
change--over 8WitCh on rear of cockpit bulkhead was fused and . 
blackened, Pedio line w&s checked for .further evidence of 
damage, but none was found. Operation of radio sets was not 
8ffeCted. A l/4-inch hole was burned In the fabric trailing 
edge of the. left elevator, 8 V-strip Of dural at the S&me 
point w&s fused 87 intensely that part of thfs strip was melted 
completely &w&y. 
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J2i%zs16: British pasaenger airplane struck on Kay 9, . 
1932. Trailing antenna reeled out, but radio receiver 
switched off on account of atatlc. Altitude, 2000 feet; 
visibility, several yards, the wing tip being 1no;lsfble 
owing to soft snow which was fallfng and begfnning to 
freeze on the wlndshfeld. About 30 seconds after switch- 
ing off radio, a deafening explosion occurred in the wire- 

' less set behind the pflot, and pilot's seat was forced to 
the left of the cockpit, Jumping the catch. Pflot regained 
position in front of controls immediately and throttled 
back all engines, placing aircraft In a gentle glide. out 

'of corner of his eye, pilot noticed a cloud of smoke clear- 
ing away while fragments of glass were fallfng in his lap. 

" 'An intense draft was rushing through the cockpit. The pi- 
lot, on calling the copilot to shut the vindows, found that 
of the eight panea, ffoe had dfsa?peared and the right 
front pane was starredlbadly. The forward side pane an 
the pilot's side, which had been ellghtly open, was also 
badly cracked and slfd right back. The engines were unaf- 
fected. The trailing antenna was burned off, The outside 
door of the wireless compartaent was open, with the small 
window blown out, and the coDmunfcatlng door to the for- 
ward cabin was blown in about 1 Inch against the jamb, and 
jammed, The aerial winch was shattered and a fire extin- 
guisher was in two pieces. The ungrounded aerial was prob- - 
ably fnstrumental fn causing the damage in the wfreless 
compartment. The breaking of the windows and the jamming 
of the door obviously were due to violent changes of afr 
preesure; but It is impossible to say whether this was due 
to the disruptive effect of the slectrical current con- 
veyed into the wireless cabin by the aerial or whether 
ft was due to the explosfon wave of the mafn lightning 
discharge. The latter is the more probable because the 
large cabins of passenger airplanes, which are mado al- 
most airtight to keep out the draft and the noise, react with 
great force to rapid change of outside pressure. (The 
foregoing description is essentially an excerpt from a report 
of the accident given by the pflot and Included fn the publioa- 
.tlon with comments by G, C. Simpson, "Lightning and Lfrcraft,1' 
Great BritaSn, Meterological Offfce, Air Ministry, Pro- 
fessional Notes, No. 66, Londan, 1934.) 

Case 17L Point of entry: probably the trsilfne nn- 
t enna. Point of emergence: rfght wing tip. Damage: (11 
radio equipment - as indicated in quotation below; and (2) 
trailing edge of right wing t’ip - holes burned through 
aluminum skin 0.032 Inch thick, with number of holes and 
diameters as follows: 4 holee with diameter 
l/6, and l/16 inch, respectively, 

l/4, 3/16, 
Several pita ranging in 

'Fractured, 
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size Prom l/8 to l/32 inch in diameter melted in outer sur- 
face. In the interior of the wing, the ribs and skin adjacent 
to the damaged area w.ere spotted with Fortions of molten alu- 
minum. The Flight Radio Officer r8oorted: . 

' . . . 
."The aircraft had been flying in a cloud for. 3. or 4 

minutes, and there had been moderately heavy"static'in the 
headphones during this peniod. I did not notice whether the 
static discharge spark gap was operating. Suddenly there was 
a b.linding blue flash and an extremely loud noise, similar to 
an explosion. Both the fl&sh.and the noise lasted for but a 
very small fraotion of a.second. The flash.se'emed to originate 
at-the trailing antenna .bfnding post on the.'taansmi.tter panel. 
No previous electrical disturbances had been noticed except 
the st.atic in the headphones. Although wdaring'the-headphones, 
I did not feel any electrical shock when the lightning struck. 

"The trailing antenna,either was 'briketi off-or melted off 
at the point where it entered the bottom 8rid':of the fairing 
tube beneath the fuselage, Ttio porcelain*insulators were 
broken.off. One was the insulator supporting the static 
discharge gap; and.the other was the trailing Gnt'enna Boat 
on the transmitter panel. Both ends of the lead-inwire. for 
the trailing antenna were burned and partially melted. 
Several-witi8s ,arid contaits inside the transmitter associated 
with the'trailing antenna and the channel switch on the side 
which W.&B .beizigg%sed were melted.' The d,yntimotor wxs nof on 
and the transmitter was not being keyed at the time of the 
discharge, The ch.arge evidently traveled through the conduit 
into the AVR-7HSS Antenna control panel, melting one wire and 
charr'ing the-,insids of the unit. : The antenna ammeter was 
damaged somewhat but. not burned:out, Apparently .nci Ttubes or 
coils were damaged, either in the transmitter or the r.eceivers. 
The master switches had been shut off by the captain, and 
radio communication was re-established as soon as these were 
turned ,on again." 

.' *, . 
The reports cited in the foregoing discussion refer 

essentially to al --m eta1 ai ralanes. It is thus apparent that 
the damaRd'from-electrical discharges 'in the'case of aircraft 
with'electrically ccnductfnc skin. knd all metalfic Darts .. 
well bonded. is ordinaril+-jnoti'of"a serious nature* . . * 

However, aircraft which do not have comple)ely electrically 
conducting~skfns (such as flibric) or which.have dbf-iclent 
electrical bonding between metallic-'parts are 'sutiject to ' 
much .greater damage, 
the 'dc'cupaqts. 'of.'s&h 

while greater hazards are enBaLled fbP 
. ' a5Tcr&$t'."' : . 1; -7 ;., ~ _ .. 

: 
- ; 
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Thfe is Illustrated by the following repfirt: 

LL&aLllar A formation of nfne SU-type U. S. N~tvy trnin- 
I&g airplanes wa8 flying, in a divfsfon Tee at an altitude 
of 2500 feet. There was a thunderstorm of moderate dimen- 
sions about A mile to the 'westward, and a few scattered 
Cloud8 about 500,feet above the forms-tion. A bolt nf llght- 
ning to the left was observed to start downward, then curve 
directly through the formation+ There was a blinding flash 
and the bolt of lightning was seento strike the right lower 
wing tip of No. 2 airplane in the first section of the for- 
mation. The damage wrought to $his airplane, as determined 
by investigation After r,etu.rp.qf the formation to its home 
landing field was: approx$nately':4 s.quare feet if fabric 
on outboard edge of low'er right .wi.ng torn and ripped clear 
of wing. Tour former r.iba,,on leading outboard edge of lower 
right wing destroyed;' the .'met,alli&dlip securing the bond- 
ing wire clip bolt, tihich holds th'e Interwing brace wire 
to the outboard c'ohpressibn rib,, 'was burned and fused. The 
main spar cracked a length o'f about 18 inches from the out- 
board end. 

The damage to No, 1 a$.rplane,of'the first section of 
the formation was: smaii holc torn.in fabric on left ele- 
vatori no damage toltietal i;truCture. of elevator was sus- 
tafned. . . . . 

The damage to No-,',' 3 airglane of the first section WRSZ 
approximately 1 squar'e"foot of f.abric torn clear of right 
edge .of right lower 'wing 'ti$i one former rib on 1cRding 
outboard edge. of righf'lower w'fqg was Cracked. . 

The .damage to No; 
th'e'.formatlon was:' 

l'-kiG$ikne of .tho second soctfon of 
smal.l..hole torn in fabric on leading 

edge of right lower wlng,ooutboard of outboard compression . . . 
rib. . . ,_ 

. . .1 . . 
1 5 . 

The daqage to No. '2 airglabne q?'t.he second 8eCtion was: 
small hole torn in fabric on leading edge of right lowor 
wing outboard of outboard compression ribi no damage to 
wooden structure of wing wets sustained. 

: .a % 
No other airplanes af:th-e.forn.a~fon.were iLanagcd# The 

per:sonnel' of the flight. .sbffer"ed.na itiJ,uries or 111. effects. . .; 1 , . 
The ahrplanes ,o.f, thie: formati&,were not squ*ppsd with 

radio. Rowever, the right wings, bothupper and lower, con- 
t.aSned five wires:, each' of'tihikh w,puld ha-ve formod winq ioops' ' . 
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had they been connected. It is not believed thbt the light- 
ning pasgedValong these wires inview of.the fabt .that 
there is no evidence of arcsng at the &ends. . 

. ,' . ; 
* ..'Thsre ia.. a bonding wire which starts at the lower wfng 

IGrward hinge fitting at the fuseiage.aad.runs down the aft- 
er ~8ftk.e of the forward sgar, aft along the outboard com- 
preasion member and returns along *the a?ber spar, inboard 
to the after-hinge f'ittl.ng. All internal brace wires and 
net:al fittings in the wing are. connected. to this bonding 
wire. 1 . . 

It is believed that the aatual bolt. of lightn&g‘:en- 
tered No. 2 airplane in the first section. of the formation 
via the left wingandifuselage, thence into the main bond- 
ing.wire of the lower,wihg.. 

internal 
At the point of jyncti.on of 

the forward outboard brace*w:ire fitting and the 
bonding wire, the oopper bpndi-ng wire fitt.ing w-as broken 
with a fresh break, It Is thought tha)'the,electrical 
charge left the bondtng wire at this podht and bur,st.through 

. the leading edge of the wing, splitting the spar; demolish- 
ing the former ribs, and rf;?ping the fabrf.c. It +a presuned 
that the IQh'tning failed 'to reach the upper wing be&use 
the bulk of the m'etal in the fuselage' is Cio8er to lower wfng 
hinge fittings. 

It is believed also that the damage'to the' other air- 
planes was of a much, less ,degree because theeel.ectrical 
charge which paesed through then'was less, and;'furthernore, 
that if the,bonddng fn all the airplanes had not been co.m- 
plete, serious damage n'ighthave resulted: 

. 
EFFECTS .o~:x~oTs 

, 
16. . 

The effects on pilots of atnospherfc electr'fcal dLs.charges. 
to aircraft may be divided into: * a *'v sual, (b) aural, 
(cl electrical, and (d)' ps'ycholog\'r& d * These are now= 
considered in turn. ! . ; I. '. 1. 

. 

. 

(a). Visual.- The 'discharg,e genera&$& 'takes &.& : . . 
ratter of a bLindlng f'lssh the eff'ect. of-which is 

ordinsr fly of rather brief dur,ation.' Consequent .uqon the 
flaeh is uiuaI.lg a'temporary bldndnes8'laatfng:from-a few , 
seconds. to perhaps '3. nbutes,' 
during :the houra of-darkness.'.': 

The. nor:e severe: effebtszOCCU?- ' ~ 
(The .m.ost s-&tire,. css'eL reported 

involved a .copilot who was.unable.tg:s.ee for'8 mtiutes after 
the discharge; &lthdugh;the PIlot of the sane. airplane had 
nOFm81.mYie~'fOa'lb seconds after the discharge.) The-t emporary 
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blindness is followed by slightly impaired vision, returning - 
to normal usually within a time ranging,from a fraction:of a 
minute,to possibly 10 minutes. 

The effect of the flash on the pilot'ri vision depends on 
a number of factors which.may be enumerated briefly qs 
followsr The light adaptation of the eyes is .greatly de-, 
termined by the brightness of the cockpit .lights prior.to . 
the discharge4 the illumination outside of the airplane. 
prior to the discharge; the length of time the pilot has- . 
been looking at the cockpit lights, or outside daylight-or. 
darkness. Also effective are the directness of the pilot!8 
vision on the cockpit lights, outside illumination, and the 
lightning flash at the instant of the.ocCurrence of the. 
latter as well as the shielding of the >ilot*s eyes-by ,.. 
opaque objects or dark-colored goggles. 

In the daylight, the temporary blinding effect lasts 
for only a few or several aeconda. If the cockpit lights. 
are turned up full bright and the pllotls eyes are adapt-. 
ed to the illumination, the effect is also of relatively 
short duration, although at night probably longer than in - 
the daylight. S!lielding of t-h-e eyes by keeping the head ' 
Inclined and low in -the cockpit affords great alleviation 
from the harmful effecta. of the flash, The nearer or more 
directly in the line of sight is the flash, and the-more 
wide-open the pupil of the eye from looking into darkness, 
the more,likely it is that the tenForary. blinding effects 
will be of longer duration. 

. The slight-, temporary impairment of'visicn following 
the temporary blinding presumably has the character of,an 
apparent purple hase before the eyes* and generally alao 
involves after-images of the flash on,the retina fcr a 
brief tine. The pilot cannot see so well in darkness or 
dim light, nor*is his Vi6t.1~1 discrimlnati9n norms1 i!UTing 
this interval. Bright lights cannot be tolerated until, 
vision returns to normal.. . . . . 

(b) Aural.- The electrical discharge usually Is RC- 
aompanied by a.sound the lOUdnQS6 of which within the--airplane 
may have various degrees of intensity, described- by.pilnf-s . 
in terms like the followtng; dull thump; sizzlflik'e arc 

. weld; snapping sound, not like thunder; ahar? crack,.no rosr; - 
muffled explosion; eound like &.eho.tgun fired; souhd lika 
rifle fire; sharp report, like 32-caliber gun; loud crash;. 
fairly loud. boom; sound like an explosion; 6evere detonatiob 
like a '75-millimeter gun fired; sound similar to a 1% 

.inch gun discharge; sound similar tg high ex?loslve; vary 
bad explosion; loud exglosion; sharp-roar; thundercla?; 
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terrific report; vfolent noise; resounding crash which 
deadened hearing senses; deafening crash of thunder. In 
a number of cases, no appreciable sound - or sound of such' 
character as to merit comment - was heard accompanying the 
electridal discharge. 

The sound ordinarily does not seem to caus,e more than 
a momentary loss of hearing and some confusion. The latter 
is influenced partly by the brfght flash 'and' other psycho- 
logically disturbing f 
(See discussion under 

tors attending the. discharge. 
1 P6vcJ.UlJ&cQJ 

Illustrative .of the most extreme effect reported as ' 
due to the thunder is the following excerpt taken from're- 
marks rendered by a passenger on an airplane'whfch suf- 
fered a discharge: IfAbout 15minutes out of (City> the 
ship passed through a very violent weather front, encoun- 
tering severe rain and sleet. Immediately upon passing 
through the front area and after the rain and sleet had 
stopped, fire streaks approximately 8 inches long were 
observed in the propeller disk areas at approximstely the 
propeller tip radius. This condition was observed,by the 
writer on the right propeller wh3le Mr. X, who'was sitting 
on the left side of the airplanenoted the same:condftion on the 
left propeller. Approximately 1 minute after this 'discharge 
of St. X1230's fire, a violent electripal.discharge took 
place from the airplane to the surrounding atnosphere. 
A large ball of.white fire approximately 6 to 8 feet in 
diameter appeared to envelop the right engine nacelle 
and engine propeller unit. ht the instant this fire 
appeared there was a resounding crash which deadened the 
hearing s ens-es. Immediately after the discharge and nofse 
which lasted for a duration of approxicately 2 eeconds 
everything seened.to stand still and there was a lull 
uninterrupted by noise, This, I believe was due to my.. 
sense of sfght and sense of hearing being temporarily 
inpalred and not due to-any actual stoppage of airplane 
engines, I believe that the engines contipued to operate 
normally during this lull and,immedfatoly I regained my 
full equilibrium I noticed -that the pilot had turned back 
and was returnfng to (dity). Mr. X, told me that he haa 
noticed the same sort of discharge at the left wing tip of . 
the airplane and that he experienced the same feelfng as 
myself with respect-to sensea." 

Another effect on the hearing can result frOm.a.very 
sharp click in the earphones due to the surge of current 
in the radio circuit when the antenna or radio forms Part 
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of the discharge path.-: It ia.t$ls possfble f6~recsive 
acousticalsshock.if the car?hopes.are closely fitted, the 
saturbtion charaoteristics of the vacuum tubce in the 
radic receiving set are not such as to limit'grestly the 
intensfty of acoustic disturbances produced electromagnet- 
ically in the head receivers, and the eRrphones do not have 
a suitable stop to ,prevent ,ex,ceas motion of the diaphragm 
dub' to< t'he d'ischar*c--current surge, Suddenly incr cRs ed 
prcssur'c'above'a certain value produced fn the ear canal 
by the abrupt m-etallic carph0n.e click aan be uncamfortsbly 
loud, accompanied by .momentary dizziness,and ringing in 
the ears (tinnitus). In extreme cases, unconsciousness 
may result.!' This seems to have happeneh.in one or two 
cas e's i Iti 'ace other.,instancq-the'pilot reported that his 
ears hurt 'for 15 or 20 mfnutes , probably duo to havint? 
esrphones on at tine-of the discharge. Wearing of a head 
set close to the.dars when circumstances indi-cate a dis- 
charge may be immineht'fs therefore considered inadvisable. 
Earphones With ap:>ropriate.protectipe fea,turcs arc desfr- 
able. .. . 

.C) Zlectrical, - r ? Pilots have report.ed seeing s&rPs, 
inside of the cockpft on's few occasions, abc.ut the time 
of,,the, disaharge, but in no caee was any serious harmful 
effect indicated,. ijhere' an all-metal aircraft with all 
metallic 'parts bonded was involved. < . 

‘ - 
The reports on th'eso cases are de follows: 

U-c' Pilot reoallec? that once when near the edee 
of a thunderstorm 'dn'unusually large spark of st?tic elcc- 
tricity Jumpedi'fren one of the-engine:controls to the hand 
of the Second Pilot'over a gap-of some 6 or more inches, 
but he did not know'whether a lightning discharcc was oc- 
curring at the sac time near the airplane. (No- Injury to 
the Second' Pilot was' indicated in the report.) 

xiaaa2; Pilot felt'shock on hands and feet, with 
blinding flash on' nose' in front of l'eft cockpit wicdbw. 
One engin'e stopped .for' a few seconds: no apparent damtrge 
noticod, afterward. 

&e'3' --A The actual ,lfghtndng.anpeared to have hj.t hn 
the nose and splashed fire in-all directions. .Pirst Offi- 
car felt.slight ahock in his hand where he was holdin the 
metal part of the chair. , 
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Case 4: No indication of lightning until attack on nose 
of airplane for'20 to 30 secondg. Propellers throwing off 
streamers for 10 to 16 feet and halo around charge entering' 
nose as far as (pilot) could see in the overcast. Spark 
leaping from instrument panel to cowl above, then discharge 
like engine backfire with blinding flash. Pilot stated he 
was blinded temporarily and arm nerves or muscles pained. 

Case Si"' "The flight engineer had h'is hand resting on 
the'arm of the captafn's seat, and after the incident discov- 
ered the hair had been singed from the back of his hand;". 

. 
Case 6: --- Prior.to entering.cloud bank;static was evident 

in airplane. Pflot received a'slight.shock at water cooler 
while drawing a cup of water. Heard reports from members of 
the crew of static crackling in bedclothing. 

. . 
Case 72 Radio officer saw a blinding blue flash in -m 

the radio compartment. This was due to flashover at the 
trailing antenna binding poet on the radio transmitter'panel, 
when current originating.as a disruptive discharge apparently 
traveled from the trailing antenna through the lead-in wire 
to the transmitter antenna control panel. The current after 
arcing over from the binding poet flowed through the airplane 
to the right wing and out the.wing tip. Ro'electric shock 
was sustained by any personnel on the aircraft. (Bar detafls, 
refer to case 17 of sec. 15.) 

Case '8: Pilot claimed he observed sparks inside cif the 
cockpit on right side near rudder pedals, occiirfing at the 
same time as the disruptive discharge. Their color was de- 
scribed as red, and the* seemed to go from control pedestal 
to the right side of the aircraft. (The pIlot's eyes.were 
focused on the instruments at the time of the discharge.) 

'blo shock.was felt by either pilot or copilot,vand-no'damage' 
within cockpit was reported, 

Case 9: -- Pilot claimed he.observed a spark inside of the 
, -cockpit across the face'of thb gyro-horizon on the automatio 

pilot. ft ,appeare'd to be white and l'to 2 Inched long.' No' 
shock was experienced; The pilot hadthis eyes focused on the 
automatio direction finder and the copilot had his focused* 
on the control panel. *The phenomenon was dimuYtaneous 'with ' 
the disruptive discharge Which appeared .to cdme'from above .. 
the nose of the fuselage, striking*,the nose on the upper side 
and at the same time spreading out in branches -covering the' 
entire nose section of the aircraft. . 

.I * . 
. . . . . . . - - . 
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10: Case Pilots stated they observed a "re,d fire" A+ L .. 
the same instant as the disruptive discharge, located U-back.' 
ef and beneath the instrument panel." It appeared to be :-" 
"just a flash," like a "flame or fire.'! No shock was exu' . 
perienced by the crew. N! smoke or burning of.equi.pment in-. 
side of the cockpit was detected. The pilcts stated they 
were looking sdead ahend" at the instant of disohnrge. 
(The disruptive discharge entered at the nose' of the - .- . 
fuselage in front of the windshield causing scorch and'fii.t : 
marks ever an area of 3 souare feet. The discharge emerged 
from the trailing edge of the left elevator adjacent to;.tho 
ou.tbonrd end of the flettner, causing some melting of.th'e 
thin edges, scorching and tearing loose about 1 square foot 
of fabric from the elevator.) 

It would appear from the foregofng statements thqf,;somo 
of the cases in whfch sparks were rSpOrf;ed to hsve been . 
observed inside.of %ecockpit may possibly be attributed to ' 
ansop-tical illusion. In at least one of the above-cited 
CR8 es, static electricfty produced by friction within the '.. 
allrplane during flight in dry air appears to -have been th6 ' 
expLsnatlon of the phenomenon. (See case 6.) 

., . 
However, In situations where radio equipment 'is involved.; 

other considerations are necessary, Aircraft with all--nbtnX" - 
skins and wfth all net~~llic parts properly bonded act like a 
Paraday cage, Consequently, there can ordinarfly:be:l%ttlc 
difference of potentiaJ,(voltage) between different points ' 
on the interior bondBd petal surface of the-airplane. A 
considerable diffcrent'e of potential may exist.in the radic- 
equipment when charges 81's conveyed into the airplane'by the' 
aeriaJ., but the maximum difference which may be effective ' 
outside of that is greatly limited by the insulnti~on streng*h 
in the radio or by the lightning arrester gap. Whcre'there- is 
a short gap over which the discharge may flash to conducting 
parts bonded to the metal framework of the airplane, or.where 
there is a weak place.5a:the.insulRtil,n through which the', 
current may arc.to a ,bonde,d-part:,z.such an event usually occurs, 
generally at the~.fair-lead.; lightning arrester, or within the 
radio equipment. :Thue;,.aBt~n~flashovcr begins, the voltiage C 
difference between~the~,asrlaL.:ooliqucting-the uharges'within,. 
the airplane.and,the:;m~tta3.3ic-ffam$wo~%'Iis probably h'dld " 
to.a value of the Order: df 600~:tn.'1000~ volts. Owfnq to the ' l 

insulation bstween~~trhe~~ae~iil~and.the~pilot, as well as 
between the pflot snd the.frsmewbrk; it is doubtful whether 
a seriously harmful potential difference could be brought r 
to bear between the pilot and the specified conductors 
unless there were deficient bonding of the metallic parts. 
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In the case of a discharge current having a very steep 
wave front, that, is, one which rises extremely rapidly to 
its maxinum.value, a considerable difference of potential 
may exist between neighboring points in the conduc,tor carry- 
ing t'h,e.cur.rent as the wave fr.ont passes. A person then m 
making co.ntact.with the conductor. at two widely spaced points 

- (as 'with hands while arms are outstretched), may 'thus receive 
a shock, 'but the wave front travels so rapidly.that the time 
interval (of the order of ten millionths of a second) during 
wh'ich.current flows ,through his body is of extrene shortness. 
The effect of a shock-from this source is ,therefore fnoon- 
sequential. 

Shocks from static. in the interior of the airplane collected 
on nonconducting parts cannot have any important effect. 

Where bonding between metallic parts is defective or 
lacking, or where the aircraft is principally constructed 
of nonconducting.materials (as fabric ,and wood), large 
differences of potentialmay be established during an 
electr'ical discharge through parts of the aircraft. 
Disruptive effects occur where nonconducting materials are 
involv'ed. sires may be caused as a result of aroing at 
points of faulty bonding, and shocks may be experienced. 

In one known instance of a wocd-fabric constructed 
airplane (19221, failure to bond in the control column 
after repair resulted fn a shock to the pilot via the head- 
set microphone when the aircraft was struck by lightning, 
The pilot lost consciousness but regained it in about 1 
minute and resumed control of his airplane before it reached 
too low an altitude. 

(a> Psychological.- Psychological effects are not 
always due to the lightning and thunder. Sometimes they 
result from the severe characteristics of thunderstorms 
in which the lightning may be encountered. Thus when an 
aircraft flying at considerable speed enters an extremely 
turbulent region within a strongly developed thunderstorm, 
momentary panic may seize the persons on board in view of 
the conditions experienced, For a very brief time the air- 
plane then possibly undergoes violent rolling, pitching, and 
yawing motions, accompanied by severe jarring and racking 
of the craft and its controls, in addition to violent air- 
speed fluctuations and irregular accelerations, all qf which 
are attended by noises of unfamiliar character and varying 
intensity. Usually, the spaoe in which such severe turbulenoe 
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occurs is narrow, appearing as a rule in the transition zone 
between adjacent vertical currents having markedly different 
vertical velo~aitiee. (See eea. 10.) The brilliant flash 
of the discharge, the usually accompanying loud noise, and 
the concussion gsnerally'frighten the pilot for an instant 
and Froduc'e momentary confusion. He becomes startled and'hie 
choice reactions are'slow and faulty for a short time interval. 
If the flash occur.%, at night and the temporary blinding effect 
is severe, the'pilot 3s un’der the handicap Of not being able 
to see his instruments or controls for a brief period. For 
this reason., it'is desirable to have the automatio pilot 

'ready to engage, if not already engaged, (Important: See 
cautions, sec. 20, par. 8.) 

, ,. -W.&en 'the discharge is of the steep, wave-front type, the 
thunder is likely to be of relatively greater intensity than 
otherwise. Under thedie ciraumstancee, the explosive ex- 
pans&on wav6 of .the thunder released in close proximity of 
the airplane produces a aonouezion where the intense sound 
wave strikes any resisting abjeat. That is, the sudden 
pressure w&ve,. by impinglag an the nearest airplane parts . 
with considerable forue, caueee a aenaation of being jarred 
or of experietioing a severe ‘bump. The eardrums and other 
parts ofathe body are affected in a similar manner, except 
that the intensity of the proeeure wave falls off rapidly with * 
distance from the discharge ohannel, eo that no harmful effeote 
on the hearing have been reported as yet from this cause. 
Where the quantity of electriaity which passes through the 
discharge channel is relatively great and the wave front Of 
the current fe of uoneiderable steepness, the optical and 
acoustical phenomena associated with the discharge are bound 
to be of high intensity. The concussion, in conjunction with 
the other phenomena may, under these unusually severe con- 
ditions, produce on the pilot a sensation of being stunned. 
This is quickly overaome as he realizes the l ituation and 
commences to resume control of his aircraft, 

17. DISTRIBUTION OF ELECTRICITY IB THUNDERCLOUDS 

Electrical conditions in certain region8 of thunder- 
uloude are more conducive to the evolvement of an eleatrioal * 
discharge to an aircraft than in other regions. In order that 
the pilot may seek to avoid the former regions, it is neoeeeary 
for him to have some understanding of the distribution of 
electricity iri thunderclouds and of the nature and cause8 of 
lightning discharges. 
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Studies of atmospheric electricity by various means have 
shown that generally the uzper.portion of the t,yp.ical thunder- 
cloud haa a con'c'ent,ration.o.f .pos.itive eleotricity; while the 
major part, at le.ast, .of the lower portion has a concentration 
of negative electricity. Often-apparently, .there da also a 
small region near the base of the thundercloud and in the rain 
falling out of .this region where there ieca.further concentra- 
tion *of pos,itive ele.cCri.city: :Thia combination of distribu- 
tions of.electri$Tty- ia illuatrated'fn the accompanying dfa- 
gram. based on the work of Simpson and his collaborators (ref- 
srences.10 to 12). Valuable data on the subject.also. have 
been derived from the investigations .of Workman and Holzer 
(reference 13) and others, In studying the .diagram of,SFmpson 

,and collgborator.s,l it may be recalled that.1 kilometer = 3280 
feet, and that the indfcated -temperatures in-degrees centi- 
grade c.onve.r.ted t.o..de:gr.ees .Fahrenheit are as follows: 0' C 
= 32O F (the normal freezing point of water); -100 c = +14o r, 
and -200 c = -40 Fe I._ . . ,. 

. . 

2 

Generalized diagram showing air currents and distribution'of 
electricity in a typical heat thunderst0rm.l . 
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-'Individual actual thunderstorms generally do not look like 
this, but possibly some thunderstorms do, The dfstrfbution Of 
charges in actual caseg may differ somewhat in,detail from that 
shown. The lower, small region of positive changes does not 
always seem $0 be present,.according to Workman and Holeer 
(reference 13). 
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'The smalli p'ositfv.eiy charged region near the base of the 
cloud may not always be present, but the positively charged - 
region:near'the'top- of the cloud and the lower negatively 
charged region are invariably found. 

. * 
,The..da.ta collected by Simpson and his collaborators in- 

dicate that th*e.tempeaature at the center of the eleotrfcally 
charged.region8.i.n question was anDroximate2g as follows: 

D es,i,+: 
nation 

I cif 
r e g f o'n 

F 

I-- 

N 
e 

I 

.Lo.c&~t.i'oL and sign 
:of. ele'ctrically Average 
charged regton temperature 
of typical of center 
thundercloud r 

(OF) ! ('cl 

Upper positive -9 -23 

(Low) negative +20 -7 

Lower, positive +3s 4-2 

Observed temperature 
range of center 

(OF) toe1 

Between the regfons where eleotrical charges of opposfte * 
sign are ,concentrated are zones where the electric field 
intensities tend to have maximum values. RestRting thfs in 
terms Of the gotentisl gradient (that is, voltage difference 
per unit distance in the direction positive electrical charges 
would be driven by the exfsting electric field), it may be 
said that the potential gradient tends to a maximum somewhere 
betuu the regions of heaviest concentration of electrical 
charges of opposite sign. The Bones of maximum potential 
gradient normally will lie in the general vicinfty of the 
boundaries between the charged regions but not exactly at the 
boundaries unless certain conditions of symmetry prevail (such 
as equal quantity of electrical charges in each region, uniform 
distribution of charges i.n equally sized sphericsl regions, 
etc.). The zones of maximum potential gradient will be the 
areas where an electrfcal discharge to an aircraft oan be most 
readfly initiated by the effects of the presence of the air- 
craft and the static charges residing on it (as manifested 
by intensity of St. Elmo's fire or precipitation static). 
('S ee sec. 12.) 

m 

The approximate average temperatures and altitudes at the 
centers of the chargedregions fn thunderclouds and of the 
estimated zones of maximum potential gradient fn a vertical 
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lifie through.the centers in gues$ion.are shown La the follow- 
ing table, based..on Simpson..and collaborators' data for Great 
Br5tain,6 .. : -. ,: : . ., . . . . 1 L ., . 

Des@' 
nation 

of 
r8giOti. 

,p’ ’ . 

%N 

N 

. zNg 
. - 

Q 

.‘..’ Average 

R&m 
temper- 

ature 
. 

(ON 

Center~of tipper -9 
positively 
charged region 

., 
Zone of 'maxilnm 7 
'potential g*a- 
. dient betrveen 

P and B 
I 

Center oi:(lcm) 20 
negattvely 
oharged region 

Zone of maximum 30 
apotential.gra- 
d,ient betrreen 
XandQ 

Freezing level 32 

Center.of lomr 
positively, . 
charged region 

Zone of n3axillluln 
potential gra- 
dient between 
Q and earth 

35 

. * 

41 

Average Average 
alt$-. tempm- 
.tide. . ature 

20,400' 

16,500 

IS, 200 

9;9ob 

9,500 

8,300 

6,600 

(42) 

-23 

-14- 
. . 
: I 

-.7 
* . . 

,- 1 

0 

2 

5 

Average 
alti- 
tude 

I . 
(Ial)' 

6.2 

.5.0 
. . . 

. . 
.- 

* 

.c.o, 

. . 
3.0. 

2;9 

2;s 

2.0 

R&arks 

.Estlmated 

Estimated 

Zone- of maxi- 
mum poten- 

,tial gradient 
in the hori- 
zontal direo- 
tion 1 

Estimated 

lBetwe8n Q and the negatively oharged region around it. 
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The fcresoing dots are subatantlelly consfstent with the 
average altitude ,and temperature values shown in sections 

.. ‘5 .a’nd: 6, ‘,on, the basis of the st~.tistice derived. from re?orte 
oC.actu,al electr.ical diechrtrges to aircraft. 

The sreaedlng table rind the -f.frtgr-m on y7age 51 indicate 
that there may be expected at least four zones in a typical 
thundercloud where the potential gradient tends to be a naxi- 
mum anc the ahances of experiencing an electrical disoharge 
to sn aircraft are greatest; These four sones are predicated 
on the Reeun:.tlon that th's lower, pee it fvely chargee region 
invariably exists in the base of the uloud and fn the rain 
falling from an actfve low-lying positive center. 

It should ‘be noted that the maximum potential gradients 
oan have vertical, horizontal, or oblique directions, depend- 
ing on the location with reference to the chmged centers 
Involved. Inasmuch as thunderclouds are subject to vfolent 
convective actfvity and turbulence, a considerable amount of 
shifting of the chargedregions can be expeoted, so that 
perfect uniformity of locatfon of the most hazardous Bones 
is not likely to prevail. 

Workman, Bolter , and Peleor (reference15) conducted a 
study of the tfne hiet3riee of thunderstorm charge a ie- 
trfbution during three storms occurring durfng the summer of 
1940 In the v.lofnity of the Albuquerque, Aew Mexico, airoort. 
To determine the distribution, they used eight synchronized 
recordfng electrometers arranged In a perticulsr pattern 
over a field 1.6 kilometers (about 1 mile) above sea level. 
The instruments, which had a time-resolving power of 0.01 
second, cave eimultmeoua records of the changes fn the 
surface potential gradient caused by llghtning strokes, 
The quantftiee of electrical charge contai,ned in the cloud 
charge oentera aAd the locations of the centers in the epaae 
abOV8 the earth with reference to aivencoordinste axes ver8 
computed, under certain ei.ngllfying assumptions, by neane of 
oertain well-known relationehfps der$ved from the thsorfee of 
electrostatics. 

The three author8 oited eunnarlaed their conclusions aa 
followe', wfth regard to the’lightnfng strokes and the charge 
centers of the three thunderstorms etudledi 

1. The average charge neutrulieed by a stroke elsment is 
6.5 coulombs and the average value of the charge neutralised 
by a lightning stroke (the sum of the separate ohargee 
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neutralised by the various elements of the stroke in the 
case of repeated strokesl) is 24 coulombs. 

2. The.'wefghted average height of the negatfve charges 
was .5;2. kflometers end of the positfiae charges was .5.8 
kilometers'-&b&e the surfacei 'that is, the mean vertical 
separation of charges was less than 1 kilometer. The heighta 
actually ranged between 4 and 7 kilometers and included the 
region where"the temperature is between -5O and -25OC. 

. . 
-3: Horia'onta!. separations -between charges involved in an 

iqtr'acloud.stroke varied between J and.10 kilometers, The 
weighted mean.value was 3 kilometers. 

4. Cloud-ground stroke0 were observed only on August 15, 
and all of these strokes traneported negative charges to 
the ground. Th.is result fs in agreement with those of 
previously reported observations. 

5. A study of the distribution of charges showed that 
it was possible to fdentify deffnfte regions of charge that 
persisted for 'intervals-from 10 to more than 30 minutes. 
These'regf'ons traveled-with movfng storms' and had approximately 
the same*ielocfty as.the.he&vier rain sheets. In the one 
case when'it was possible to compare the average velocity of 
the charge regfons vfth the average wfnd'felocity at the 
charge levels fn advance of thee storm; the'two v.elocities 
agre.ed within 10 percent. 

6. Evidence-supplied: by the storm. o? September 10 (1940) 
showed that the negatI;e charges were in the region of the 
updraft and +hat positfve.chargea we-rat! dfsplaced upward and 
away from the negative chs,rge in this region. Burther 
evidence was found In the storm of-August 15 (1949). The 
negative regions vere cohsrent'and positive charges were 
found on both'sfdes of the negative,regione, The evidence 
fs consistent'wIth the hypothesis that the more coherent 
region vas associated with the updraft. 

7. Cloud-ground strokes were mo'$e frequent fn the earlier 
stages of.the.,development of. an active regi‘on of the thunder- 
storm. As an active regi,on aged, the lightnfng strokes 
became-predominantly or exclusively infrackoud strokes= The 
agfng tias also characteristically associated with a decrease 
$n stroke frequency. 

A . . 
'The'.24 cdulo&bs.refer to a multiple'lightning stroke 

Consisting Of'sevbral repeated strokks along essentially the 
same ch,annel,. - See'appendix V??," 'P' 

. ' .' 
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.-. : 
d,."Th'e' m'a'f'imh'm ~ve5t.ical'.p'o~e;otial gradient& ez.ist.ed * 

fmmedfately above &d b6idw the cha'rge concentrations, and 
the maximum ?~orix,ont~a,l. grad.fen.ts, e.xisted at .th.e. same. :le.v.el 
as 'thie' ;ch'arL&ar .;; 1 '. . ';r.' ..! .,."> is-.-. ,: . ., .-. :* I. . :- *.. . --. . *- : ., 

9-,. YO'n?i;'.of ;%hye p~~i,~ndi~p~al' ',danger.s to a fr cr.cft 'in thundsr- 
'g~drms"' i:$" ,th,e; 'po$L'S,@l-i,.ty,.. th,&t. th'e'. craft, may: l+come. part .o,f 
a light-j@n'g '+aJinel:, 1 Th,ia; ~.oe~.i'b~ilit$ is greatest in' region% 
where the.'.Pat.~ntia~~.".~~'a'd'i'e'nt.s a'rs great est. The present 
fnvestigat-ion Fhowed t-hat t.he.F,e r.egions are most J..ikely. to 
abcti*.:, w;h%'dej:'khe '$f&$pfat'izr'k'. 'I$ ,be'f'w'een,-5'. and,. -35' Ci . : : ._ . * ! . '., ! : ;,,-' Y-., . . : .' 

I . . . ' * , . .,: ,-.: . 
18. Elb;CHAPISM ?I+ DISRyPTI,YE DxsCHARGES.rmII'~PSEP~?Y AIRCRAX'T 
.: I . ,. I , h : a.* -: ;'. : . ; _ - . *. . . .:. 

. . . . . . _. 'T ,:'.. :; . I' :,: ..: 
: ,, . ? ' : .' . . -~~nB~~i'.Discugsipn. . . . : : 

'Z , .:.. . .a.-, . . I * . . 

The records previously cited.ia regarq tq -the actual 
effecti:o~'di~tiuIjt'~;)e 'electrical discharges .upon aircraft 
indicate t'h$t e~m&“~&~6’b&6~‘,6f ,the:high-curqqqtb steep- 8 
wav~Ei~n~~~shb~tl~~me &&ty; ' ah4 .$om+ .(,p.erhapB a-majority) - 

:!haveL'beiia ‘df ,.ihe .'lb~~.~ur~,pat,.:gsadua:--wav~fr.ont, long-time 
variet-y. ,*' ;- . ..A.. 

,i .: . . . . -. 
,. ‘I.‘- 

l .., , _ ..,. .; ,, ,. .; ., IV : 0. L. :: * : _ ., Ia I . 

. 

happened 'to Ibe' in'.the"pELth"'djf' a;'lfgiitai.ng.dfsc~arge ,inftfat ed 
at some distant point in a thunderstorm wher'e the critical 
br,eakdown, potential gradient-.yas. ,at,t,aipad. 
acci'd.&ntR.> &&&i&b&& ; 

These aye pu,r.ely 
;in'*wh.fch .the.,air.draft, played. no part 

in etart3ng 'the-,*di:B&WgeW, . i:~..:.L,.G,!~ _, . ': i '. . , ., -".a..-".;' : ;:;:-.: 1 _ . . . 
:i~-'ap~ears"~hat'.the,.a'~rcraft. was in-' In othe'~~~'i'aae8j~~ 

strumental- -in, prbduci'ng 'the .&is'&&ive 'dinCharge.! (See 
sec. 7;') '; The mechtini.sm'.b'jr' wh.P~h"this~,takes..'place hrja not 
beeti. 'ihve&%igbt'ed dPi'i.e'cti.i'y '$'n.' &c-: i,ab.oratory, but- from what 
is kno&iB'of*,the' 'n&,ur'e' o&‘s’@afk” a'i:sWcharges: it, ma.y be,presumed. 
that the mechanism that' pr'eva'ils' is .ebsentially as outlined 
fn the paragraphs ~pypsd.p.g. t4,ft...p~~.t;,~ .- . ., . ' : 

First ~lo're~cafi.it'u~~fe‘b~iefiy the' con'iitionsr . , . :' 
.:...: .!. -i ..::y .:-: ..I >I“ ,. .'L. , . ,. so f~~'-a~"~a~..~~^;j'~~.~~~'.f~-~~'r~j36~ts, rinde&'pp pflots:, . 

the di8f~ptfv~e'hPscharg6b. bf %hie-lhtter'type &h'icb.havc . .: 
occurred to aircraft took place efther while the aircraft 
was flying within a cloud or precigi$atio,n ,or, whfJ.8 i,t was 
just entering-.oI!,'8m8rging from. i; cJoud.- .In~practically: . 
every intitdr3ce'the dldtid.'ti&s"of B?cuqiu1iftir,rn ,character,.' 
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generally cumulo-nimbus, sometimes cumulus, and rarely strato- 
cumulus. Some of the former were act$ve .thunder,st.orms. With- 
in the clouds either r,ain, 
cipitation, 

rain plus .8,ome f.,orm of ffoaen pre- 

encountered, 
or one or more forms of frosen prec$pitatlon were 

rt: 8O F. 
generally at temperatures. within .the range 3Z" 

From what has been stated in sectfon.lYti ,5t may be 
expected that the aircraft fairly often wili'be wFthin a 
region of relatively high potential gradient when subJected 
to the conditions outlined above. : c 

At the scene of the disruptive discheLrgs; the potentfal. 
gradient lmmsdiately pf.Pdr to the appearance of.the aircraft 
in the locality and before the'd,ischar.g,e may have been 
considerably less than the cr'itical breakdown potential 
gradient. -:. 

.' - 
However, the aircraft by'its very presence may increase 

the potential gradient manyfold, as explafned An section 12. 
One process which invariably tends to *BccompLiah this to an 
important extent is the dis,tortiob of ,the electric field by 
induction upon the conductfng outer sktn of the afrcraft 
(see paragraph numbered (2) and followfng, in the above- 
mentioned section). This is moat likely.tq happen with 
notable consequences in a space where the initial.potential 
gradient is already quite high; as between two contiguous, 
highly charged cloud regions of opposite polarity* or in 
the Immediate vicinity of a single region having a great 
concentration of electrical charges of-one predominant sign. 
It is possible under these circumstances for'a disruptive 
discharge to be "triggered" by the aircraft, provided (1) 
that the critical breakdown potential gradient Is reached 
at or near the aircraft, and (2) that once the disruptive 
discharge is initiated at such a po'int continued propagation 
of the discharge streamer ie assured by a sufffciently high 
average potential gradient in the space between the oppositely 
charged cloud regions or between a single charged region of 
one sign and another reetricted regLon (whether df the cloud, 
space charge, or earth) with predominately opposfte charge. 

To illustrate the latter situatfo?, one locality where a ' 
high potential gradient may be encountered 3s bet.ween a 
cloud region containing a myriad of condensation particles 
carrying electric charges mainly Of one sign, and a space 
charge containing mostly oppositely charged ions.(l,e., 
charged particles approximately of aoZecular slee, or 
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ci&bfhCs ~6f.?d”rd~~tipbly,‘emall dumber of molecules carrying 
a' ,ch~rge);.~.'S~bh-~ fda;A.litf may be found just 0utsid.e of 
ccit2iin:pa~ts.'of'Eumula-nimbus clouds, and especially well 
dei@l.oped.'o+~X 'd-b-: thunder'storms: 
devel&p'$@&be". 6 

Theae clouds apparently 
harges:along.thetr- bases, sides, and some- 

times tops in various stages of their life cycle. Th3.e may 
possibly explain some cases of disruptive discharges which 
have occur~.e~d.. to- a,ircr.af.t,. Ju.st. us they were entering or 
emerging fr.crn, a .cwulo-n,fmbus c1ou.d or thunderstorm ,. 

. ., . :'. . i., :' ;' '; ': ,, 1' ; ., d ,, _. : A . . 
Probably of considerable ipaportanc'e in the phanbmonon 

of disruptive discharges initiated by airplanes is the 
modifying 1nflu'eqc.e exerted by acquired oharge,s. suppose 
tha'tS aa"aircr:af.t~ pass,es th.rough a cloud or precipitation ' 
region con5ieting pf,con,densatioa ,partfclas carrying 
charges, 'predomipant5y of 09's ,si:gn,, and suppose further 
that it acquires a considerable quantity of charges of that 
sign by the processes outlined in section 12. Consider the 
airor'af't~:fo',retafn much of *tits chargq,deepfte loss. by corona 
and to effect rapid.approach toward a new-Q cloud or 
precipitation regfonearryingcharges principally of the 
opijosibe :ii.gti; ‘: :Then, .owing to the opposite polarities,, 
this produces a-sudden'intensif9cation of the *potential 
gradieht':in the narrowing space between theIu. This augments 
to,somEi~esi:t6ntb'the~~inorealEi of potent$aI. gradient resulting 
fr~m.d~s%6~tio$-~f:the existing~~eJectrlc field by the al& 
craft,' ~$-pre~fou$ly.explained, .The,Xopal,poLontiai 
gradfcnt near ,the:extre&ities of greatest conyexfty m&y 
thus be:hsightehed:tc~a,vslup.poa5ibly exceeding the 
sparking potential gradi:en,t., CqptrarSKise, if the air- 
craft'rand. the nearby char.ged,rsgJ,pn being.apProached were . 
chargad a14k.e Sp-sbgm :electrically, there'wod.?.d boa 
depress-icn: of; thelocal .~xi,st~,ng.potent~al,;gra.d5ent; which 
tenda.*to,hamper, the. deve1opUsenf;of.a d'.isrupfive df.s,charge. 

' ,.. /, . . : . .:,.y-. .. .! 
. . 
..“. .*.-,. 

:, t ,.-. I .*.. 

.,. ‘.,. h;ffect.s,, .cf S$.ai3 'o'f 'aircriait : , ,.. , 

The 8.-i z,e, of .the..‘a’$r.kr-Aft.. 'invp,I.:v,.ed play5 an itiportant 
ra1.e .in.0de.t,~.r~4n,~,ng --th,e.,.f:rea.uency o$ ‘dikrupt ive diEcharges , 
whether natural lightning sttiokes 'encountered by chance or 
dAschsrgee 'i:n&;t.&,ated. by ~~~.~~a~r,c~~aft.~~:l;e~s~olv~ss. Thus, t'ns 
larger an ,a%rplape, th.e,,gr:eat,er .the apace .,fn which natural 
strokes' -or ,,th,ekp branc+es ,.ma$ be,..enkount4fc.d, and ‘qh’ plreat,cr 
the .freq,uency ,of -experieno$.ng ,.tham'. Jt 'is to be exp$cted - 
that a.natural etroke. occurr.fqg.wtt.hin .a distance of the 
aircraft,:equal. to sita d$meq&ions .will'hav.e a proanounced" 
tendenay to include the afrcraft in its' path. 

. 
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This effect probably in not of so great importance 
statistically as the efficacious process whereby large air- 
craft may initiate disruptive discharges more frequently 
than smaller aircraft, other conditions being equal. (In 
reckoning the size of the airplane the trailing wire or an- 
tenna must be taken into account.) With increase in size of 
aircraft there will be an increase per unit time (1) in quan- 
tity of space and in number of precipitation or dust parti- 
cles brought under the influence of the airplane, and (2) in 
number of such particles coming into contact with the exter- 
ior surface of the airplane, under uniform.conditions regardl 
ing the particles, airspeed, air density, electrical field 
intensity, and so forth. Yurthermors, the. ‘electribal capao- 
itance of the airplane (quantity of charge it may hold at 
unit potential) will undergo an increase with'growth in site 

'of airplanes, assuming-similar geometrical configurations. 

.This implies that larger. aircraft flying in 8now, ice 
crystale, dust, and so forth, may have heavier charges of 
static electricity generated and zesiding on.them by tribo- 
electric effects than smaller ones, provided (I) that the 
most sharply convex protuberance8 (such as trailing wires, , 
burrs, etc.) are of equal radius of curvature in all air- 
craft, and (2) that the poton.tial gradient at which such'pro- 
tuberances of similar nature go into corona is the same for 
all aircraft. 

Consider a large and.a small metal airplane of similar 
geometrical shape flying in identical conditions with refer- 1 
ence to the electrical field intensity, precipitati'on, dust, 
airspeed, air density, and so forth. Then, the 'external ' 
electric field of.given intensity may induce steeper local 
potential gradients near the.specified protuberance8 on the 
larger than on the smaller aircraft. This result is produced 
because there may be mor.e free eharge.available on a larger . 
airplane than on a smaller one, and because the induction of. 
charges on the extremities of the airplanea tends to be more 
effective the farther apart. the extremities (such,as wing 
tips or nose and trailing wire) are from one another and from 
the main body of the airplane. . 

In brief, then, the potential gradient at certain fa'vor- 
able extremities will tend to be elevated to a greater ex- 
tent on the larger airpl,anes than.on the small ones, a8 a 
result of induction by external electrical fields. From 
this, it may be concluded that physical reasons exist which 
tend to cause more frequent development of the critical 
(sparking) potential gradient by larger than by smaller air- 
planes, un'der otherwise equal conditions. 
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.; .‘. 

‘; ’ ,I 
_. -., Effects of Airspeed . 

. >, ,..I. . . 
The. speed :.of'the airc!raftin.volvsd. may play a role of . 

more 'or Xi& influence in d-etermining the frequency of die-- 
,rupM&e dhe&a.:r-ges'of %he 'ty$e initiated by the airplanes - 
~themselves'. - Ih. section 12 under '*Effects of Speed," it wag 
pointed out-tthat at,least two phenomena tend to intensify '. 
.the' potontial~~gradfent near an airplane in flight through- .: 
charged cloud:.or'preci,pitation particles. These result from 

* the motion'-o'f 'the aircraft relative to the particles, and are: 
(a) the forced.c.oalsscence of.like-charged water droplets, 
showflakes+: and, so for.th, which gives the merged particles a 
greater'potential t.han the smaller particles of like sign 
or9ginallg ,pr.esent.; and, (a)- th.e ram-actfon,.of the airplane 
wh.icb by.,croibding of~particlee of given sign into a smaller 
space inteneifies t-he potential gradient. The greater the 
spe'ed of the aircra‘f-t , tha,mbre pronounced will be these ef- 
fects, and the more par.ticles.w,ill .be bro,ught,.within.the 
sphere of influence o'f the aircraft, with simi1ar.result8. 

I . 
,' The me'chanfsms,, just: outlined, will act to produce. a max- . 

imum iteepenihg. of:.the ~potential gradLent when an airplane 
f1ie.s t0ward.a nearby ,h,ighly charged cloud region or space 
charge.of one predominant sign electrically, while it thrusts 
its way through an assemblage of highly c;;;ted. cloud or pre- - 
cipitatlon particles of opposite sign. in such sones 
of general-ly. steep!potential gradient. the gradient vi11 be 
made.,more:.steep'by,-th,e st-ated mechanisms; and perhaps be 
cau-sed,to exceed the critical (sparking) value near the air- 
craft, thereby'leaddng to the development o.f anelectrical 
breakdown..o:f. the field. 

.I,# .., es . . .' 
- If the'sign's of the electrical charges had b-een alike in 

ths:'charged're$ion'and the'cloud' or precipitation.particl'es 
consfdere% above, the effect of forced coalesceace and ram- 
actSon’wotild h&ve,been,to diminish the potential gradient. 
Circumstance& 8uCh a8 those just predicated generally are 
productive of and associated with slight potential gradients 
compared with those which prevail in the first-mentioned case 

-* .: ': . 'Tb'simplify'the discussion through avoidance of the need 
for'defining the, direction of the potential gradient, dirsc- 
tion of flight an.d prevailing.field intensity has been spnc- . 

ified'wfth respect to o'ppoeitely charged or like-cbargod re- 
gi~~i"6f-~sse~bfbges of particles carrying electrical.charge8. 

._I . . :.. r ,. " r 
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which involved a zone of hfgh field intensity between nearby 
charged regions of oppoafte polarity. An electrical break- 
down is not very likely in a space of weak potential gradient, 
and less so in such a space with the gradients further weak- 
ened by the mechanisms described. 

From the foregoing considerations, it is concluded that 
increase of airspeed is conducive to greater probability of 
development of the oritical potentfal gradient. in,zones of 
pre-existing relatively steep gradient; Airspeed may'there- 
fore possibly be a factor of some importance, in the mechanism 
of those dfsruptive discharges,,which are Initiated by air- 
craft. 

', , . . 
I 

Streamer Mechanism y ,, _ 'a 

Before the critical potential gradient for-a disruptive 
discharge is attained, corona discharges. are gelierally occur- 
ring from various parts of the aircr'aft, for they start at 
considerably lower gradients than disruptive discharges. The 
current conveyed by the coronas is very weak and cannot cause 
burns in the metal skin, despite the intensity of radio in- 
terference from so-called Rprecipitation statics or otherwise, 
as outlined in section 12. 

However, when the critical potential gradient for a dis- 
ruptive discharge is achieved fn the.$mmediate vicinfty of the 
exterior of the aircraft, local breakd.own-occurs, in the form 
of long luminous streamers,usually extending from the'extremi- 
tfes of the airplane or the propellei'tips. These streamers 
are probably essentially similar to the lJght.n$ng "pil'ot stream- 
er" described in appendix VII. The.path blazed by the 'pilot 
streamer is largely controlled by'the looal.potenti'al,gradient. 

In a cloud or in precipitation, the path very likely wfll 
be determined by the configpratipnr, concentration, and charges 
of the particles, for in an intense electric field glow dis- 
charges and sparking may o'ccur from the particles (reference 
4). Thus, glow dischar'ges between ad.jacent: droplets driven 
close together by the ram-adti,on of the ;afrplane may'hasten a 
breakdown and aid in establishing the path of.the str'eamer. 

As found in the laboratory-study of sparks (references 
14 and 15), the leader strokes'&y:be.negative leaders or pos- 
itive streamers. In the case of.the negative.leaders from 
the airplane the afrplane would'be *of negative poearfty. 
When a spark (disruptive discharge) passe:s, then at'some point 
in the field where the potential, gradient is ,su.ffi.&ient, one .. 
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* electron (here presumably froi(.,near the tii$craft) is impelled’ 
by the ‘strong field inteniity .t’o ,&c’c’elerate at ‘a high, rate, 
On making impact a with numerous n&i+ai ‘molecules and atoms 
the electron ionieea them, 
T@BfMi in, turn, 

thereby liberating.. other electrons. 
are driven’ forward, by the field ‘to ionize 

ot$er neutral particles, ‘and 80 -oni repeatedly. In this man- 
ner, an avalanche’of electrons fs*ereated. Owing to their 
hl.gh mobilityk they leave behind,‘a concentration of posit’ive 
‘tons, which constitutee a apace’ charge. 
much ‘rs‘mifl&ti ‘mobility than the aleicfrone 

These ione posseee a 
and therefore move 

much more slowly and diffuse to a lesser extent. The cumu- 
lative ionization therefore takee place in a narrow path Ly- 
fng in the field directfon.’ The .eleotrone tend to diffuse 
laterally somewhat a8 they progreaa. TQ the rear of the 
electron ivilanche the attraction of the pdsftive ion8 tend8 

-to hold ‘them .back; ati effect most pronounced on the hinder- 
modt, *Here there ie a weakening ‘of the potential’ gradient. .’ ., 

. 

I ,? The’ positive epace charge temporarily steepen8 t,he po- 
tentfa.1 ‘gradi.ent on the afd.e toward the negatively charged 

r +zl’oud or a1 rplane, until the done are awept to the latter or 
are left bshfnd by the moving aircraft. Analogously, the * 
electron ,avala,nche steepens the potential gradient near its 
tip on t’he side t’oward’the positively charged cloud regfon 

* which it ie approaching. 

Whdle’the’ electron avalanche-‘continue8 to ionize neutral 
p’articlee in its path, u’nder the’impetue of the electric 
field, it produces possibly four’or more times as many photons= 
as it did ions (reference 14). These photone radiate in all 

. ‘direction8 at the speed of'light, and a certain fraction will 
ionize Borne of the air moleculee. The electrons liberated by 
this proces’b produce fresh avalanche@ of electrons, 

I 
Near’ the head ‘of the initial electron ,gvalanche moving 

totiard the positively charged cloud, the leading electron8 
and also the photons created there produce fonisation in ad- 
vance of the avalanche tip. At thfs point the potential gra- 
dient is locally steepened, BO that the electrons are driven 
on, ionfzing,further, producing more electron avalanches and 
leaving positive sp.ace ch.arge ,beh’i-nd. Thi s at tract 8 and 

,’ , 
‘Mobility :may be defined a8 the ratfo of’ velocity of a 

charged particle .to .the potential gradien.t. 
. 

cm/aeci per volt/cm. 
It may be ex- 

pressed in terms of 
,::... . 

,2See under Pilot Streamer in appendix VII. 
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draws in the previous.con.centration of e,lectrons that was 
bound by the previous posftdve apace charges. 

In this manner, breakdown streamers propagate under an 
adequate potent,ial gFadi,ent untfl the positively charged 
'cloud region is reached. The highly ionized channel left be- 
hind by the leader mechanism ls'of relatively great condu,c- : 
tivity compared..with neutral..air. 

Once the intervening space between concentrations of 
charges has been provided with such a channel, a huge spark 
may travel along the-path bla.zed by the streamer. This cli- 
mactic event is brought about by the action of the existing 
strong potential gradient, for the highly mobile electrons 
whiah reside in the nearby negatively charged cloud region 
are driven at high spe,ed by.the gradient along the channel to 
the positively charged cloud region. ,The tremendous surge of 
the electrons ionizes vast numbers,of neutral molecules by 
collision, and ,creates photons, leading to further ionization, 
all of which culminates in t'he development of a brilliant 
flash of lightning,.. .;, 

By spreading of side-b-ranches .from the advancing negative 
leader, a greater.volume of the- cloud may have its charges 
neutralized or remov,ed by the Stroke. 

Counteracting the foregoing pro.cesses are the recbmbfna- 
tion of electrons pith positive ions and the attachment of 
electrons to neutral molecules or aggregates of molecules. 
These tend.tq cause deaay of the ionization in the channel. 
If this process.goes,on sufficiently, .the leader may become 
stepped or cease altogether. 

Lnthe.csse*of:~n~airplane of.posftive polarity with posi- 
tive. streamers :from the airplane, electrons are stripped from 
neutral moiecules by impact. of a single free electron near 
the strongest part of the field (presumably at certain extrem- 
ities of the airplane) and-the electron.avalanches thus ini- 
tiated'afe driven,by the field in the direction of the posi- 
tively charged cloud reg,ion, leaving positive ions behind. 
Photons formed as in the previous case also produce electron 
avalanches which move in the same direction. llectron ava- 
lanches which fo'rn near the tip of the positive-ion space 
charge on the eide nearest the negatively charged cloud region 
move rapidly along the channel of the space charge toward the 
positively charged cloud region. This phenomenon is very 
marked, for the positive charges at the tip of the positive 
streamer on the negative side exert a strong attractive force 
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for the electrons.'.and facilitate:the longitudtnal spread'of. 
the ionization.. .TBrough.repeated'procesaes o'f'th.f6 sort 
positive streamers are extended toward the negative side, 
efnce the potential gradient there fa'eteepeited by the.dis- 
tribution of fhe'charges and the field&+- ', ' *. ' : ':'*.. -. 

It may be seen from the foregoing that once the highli 
ionized streamer channel fnftfated.by the iirplano brfdge6 
the gap between two oppositely charged cloud center6 or cloud 
and precipitation centera, a violent,disruptfie electrical 
discharge can take place with the aircraft forming a-portion 
of its path. The discharge will be self-propagating at aver- 
age potential gradients lower than the critical sparking po- 
tential gradient after the l'nitial.breakdotin occura. Thue, 
leaders may propagate froa the ,primary breakdown point a-nd 
encompass the adJacent cloud or precipitation centers; .A 'a 
strong flow of electrfcal charge6 thereby occurs from one of 
the centers to the other of oppo'site sign; :tend,ing'in thie 
manner to produce neutraliqation. L 

Without the uufficiently strong potentlal.gr&dient estab- 
lished between the oppositely charged cloud centers, there 
could not develop a disruptive dfschar'ge.' 

L 
Once the “cherge 8 

in these centers are neutralised and.the potential gradient. 
is greatly weakened or nulliffedi no chargea can flow along 
the ionized channel initially blaeed by the streamer, and the - 
discharge must terminate. 'Owi'ng to 'the conditfons, the dle- 
ruptive discharge can be expected .to $ave the characteristi'cs 
of cloud-to-cloud lfghtnfng'etroke6- which do not appear to 
have return strokes as do *c:loudLt'c-ground strokes. 

'. 
Some person6 have proposed the following erroneou6 theory 

for the origin of the disruptive discherge: (1) Tho airplane fn 
flying through a highly charged. cZou'& region of one polarity 
accumulates a heavy charge of> Liks:.;sign;, (2) the airplane ab-. 
ruptly enters a highly chakge:d .cloud region of opposite polar- 
ity; and (3) a disruptive di'scharke ac~rs because the charges 
on the airplane are removed in a-fo:rm like a spark of static 
electricity. This concept of the mechanism involved ie not 
supported by the facts, for the capacitance of the airplane is 
too small to enable the structure to hold enough charge (aou- 
lOmb6) at exfsting potentiale.to explain the holes burned by 
the actual dlaruptive diecharge experienced, 

:: .' 

19. BEG?-ED Er?INT~UCE tiCTICES DtiSIM?ED TC PRX'r%NT.OR ALLEVTAT19 
POSSIBLE JURXEUL l?XFECTS OB DISRUPTIVEI~DISC~G~S .OR GTATIC %'ARKS . 

,, 

1. Be sure ~11 motsllic part6 of--the structure of the 
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atrplane are well-bonded together.' (This lessens both light- 
ning hazards and radio interference.) . 

2. Yhere practicable, use a conducting coating and/or a 
network of well-bonded conducting strips preferably on the oat- 
side of important nonconducting, exposed components of the air- 
craft, espec.ially if such members.proJect appreciably, provided 
these arrangements do not intgrfer.e with the radio or other. 
devices. 

3. Be sure that drippings or vapors of fuel or of1 are 
not present where a discharge 'curre.nt' may be conveyed into the 
airplane, as via radio connections or other conductors insu- 
lated from ,the body of the airplane, and nonconductrng exposed 
members (like plastfc nose compartments or blisters), 

. A -. Owing to danger of an explosion from static qarks, 
the aircraft structure should Invariably be grounded when re- 
fueling. To avert the possibility of airport personnel re- 
ceiving a severe shock from static electricity, it should also 
be grounded as soon as possible after landing. 

20. RECOM%NDED FLIGHT PROCEDURE TO AVOID DISCHARGES 

A??D ALLEVIATE BARHFUL EFFECTS 

The following flight procedure, based on the facts presont- 
ed in the preceding sections of this report, .is recommended to 
pilots as a means of reducfng the chances of experiencing a 
disruptive eloctr,ical discharge to.aircraft, and of alleviating 
any resultant harmful effects if a discharge takes place: 

1. Avoid flight through large or towering cumulus and 
cumulo-nimbus clouds, especially at levels where the tampera- 
ture is from 20° to 40' F. (The layer with temperatures be- 
tween about 24' and 40' F i.e., 32' * 8' F, is most frequent- 
ly the scene of discharge:.) 

2. Avoid flight through cumulo-nimbus clouds, at levels 
where the temperature is between +15' and -10' F, for high 
potential gradients and consequently disruptfvo discharges can 
be expected. (In addftion, ice crystals, snow, sleet, or hail 
usually will be encountered under such conditions, The hail 
may produce serious damage.) 

3. Avoid flight in the immediate vicinity of cumulo- 
nimbus clouds, especially when they have given manifestations 
of thunderstorm activity. It is preferable to keep. at least 
2500 feet or more away from them. 
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4. .Avaid f-li*gbt..through. moderate or heavy rain and/or 
6now, sleet, bail,. or.,ice..crystals, especially at levels 
where the temperature is from 200 to 400 F, particularly if 
the precipittition is from ct~muliform clouds. 

,. ',' 
If .tPe precipitation static and/or corona discharge 

(St.,ESimo's' iSrb.).ie moderate to 8ever8, and there is evi- 
dence from the temperature, cloud, and precipitation condi- 
tions that the airplane is in a aone of strong potential gra- 
dient between opposit,ely,_c,harged regions, reduce speed some- 

: what' (see' ae'c: 21,;. par ., 7) and seek a iower level where tem- 
peratures abov,e 4O.O lP prevail, or leave the given aloud and 
,pre,cipitatio'n .co,nditio.ns.,. Tendency for coronal streamera to 
build out rapidly-and 'far precipitation static sounds to in- 
cre'aee rapi&ly.'in intensify~dho'uld be regarded a8 precursory 
signs that a ,discharge,. is imminent. (Reduction in speed al- 
low8 acq.uire,d charge.8 to diminish and permits the corona die- 
charges to,le.ssen- in intensity. It alsO is pO88ible that 
these- resUlt8 prevent .tb-e potential gradient at the airplane 
from building qp.Yto.,suqh .extreme values as otherwise would be 
attained'.) . 

‘6 ..: If e'~ii;f'ing".c~nd'i.~ions are favorable for a di echfirce 
and the signs are present that a discharge may be imminent, 
be sure that th'e antenna is grounded. In flight through me- 
teorological conditions wherein a discharge might be expected, 
have the trailin.& antenna reeled in, if such is used on the 
aircraft.. ,. + " 

- 7-.. If, .the; signs are +p.reaent that a discharge may be im- 
.m)nent, or ,that a'discharge might be expected under existing 
conditiona, have the cockpit lights turned up full bright. 
Also', .keep .thbe eyes focused -on the instrument panel, especially 
at night, as this will alleviate temporary blindnees reeulting 
from a lightning di8charg.e to the aircraft. One of the pilots, 
at, ,least, should sh'iel.d.his eyes by holding hi8 head down in 
the cockpit, keeping his eyes closed or focused on the brightly 
lighted instrument panel. Opaque goggle8 may be worn in lieu 
Of tiii.8, or ‘opkcr,u,e cu.rt,ains. ma’y be drawn to shield one or both 
pilot,s.when'f'light ,on 'i'nst&&ente is not obJectionable for 
o!her’reasbns’. Another sy&e.sted protective mea8Ure is the 
wearing1 of a long visor.'whi:ch 8hield8 the eyes from any light- 
nfngmf1ash"tha.t might.- be--seen through the windehield or the 
aide windows, but allows the pilot to obeerve his cockpit in- 
.atr,ument 8,.. S.ti.11 another euggestion, having the same object, 
is the wearing of goggles the Upper portion of which is ren- 
dered opaque and the 1,owe.r portion kept transparent. 6un gog- 
gles may be worn in the daytime as a partial protective measure 
for Vision during flight ‘un.der thunderstorm conditions, 

. 
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8. If the automatic pilot is riot already engaged, have 
it ready to engage immediately if a discharge occura. 

NOTE: One authority hae etated in regard to this matter: 

l'While.it ie not general practice, it is,eonaidered 
good policy in flying through either turbulent air 
or in regions of possible electrical discharge to 

. have the .automatic.pilot engaged but with-the servo 
.control.turned down BQ the pilot's control can over- 
ride the mechanical control. With such an adjust- 
ment the pilot retains his manual control at all 

. * , times, but if neceasarg can,give full control to the 
;automatic pilot by turning up the servo unit. This 

method also eliminates the pO6Bibility of the auto- 
matic pilot placing undue strain on the controls 
under severe.,.turbulent conditions .that would bring 
about *.* * *.p etalli.ng and structural strain," 

which it is' desirable to avoid. 

9. If, the signs ar,e present that a discharge may be immi- 
nent, or t'hat a discharge,might be expected under existing 
conditions, do not ho.ld the, radio earphones too close to the 
ear0. This will tend to prevent acoustic shock. Strong lfght- 
ning crash static (atmoopherice) may be regarded as a cure 
sign of nearby thunderstorm condftio,ne, even though lightning 
fa not observed because of poor visibility. 

10'. When landing- after a flight in which the airpraft ,ac- 
quired a strong electrioal charge, an electrical oonduotor 
forming part of, or connected with, the metallic stru'cture of 
the aircraft ehould be aaused to make.contact with the ground 
or the water in order to discharge the.static charge from the 
aircraft, before.aav uerson makeo the contact. (The use of 
trailing wire or other discharge devices during flight immedi- 
ately prior to landing may obviate the need for any special 
discharge conductor such a8 that implied above.) 

AN EXAMPLE OB PROCEDURE WHICH APPARERTLY PREVENTED 

A DISCHARGE TO THE AIRCRAPT 

. There followe a copy of a report rendered by an air line 
pilot which illustrates how certain precautionary measurea 
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taken when a discharge seemed imminent apparently prevented 
an electric breakdown from cccurringtS . '.' ' . . . 

' r :: : tU% ! i;T ,‘O.dO ’ f ee,ti , 'flyi'ng e'aet of. llA,(ll a constant temper- * 
ature at'38O'F was observed. pptJl.thg:fli'ght reached the 
vicinity Of IrD," 
35o41 

where the temperature gradually lowered to 
'.'Iii'..the vicinity of UC" light, sncw"'&ae encountered 

while on instruments .and the temperature-lbwered abruptly to t 
. 320-E. -'Static increased steadfly between jrCfl and sD,lf block- 

ing out 'all. r-a-4i.q r-,eceptfon 'and, at: th1.s time come St. Elmo' s 
f,ire,was dbserved on th'e $r'o$eliers.-- .' . ._ I '. : 

"At, about ;tDtl the.static rekehed,.a mailmum of intensity, 
the:snow~changed'fr.om a.fitire crystalline t&-a more liquid 
state, stic,king,to, .&he wlndi,hl'el.d., ~hilethe temperature 
dro:pped +o ,25 'O' F' ,mome-ntaril'y,. The. ccrana 'on the propeller8 
increased tn iptensity,. sstimated i2,inches long. The nose 
of the ehip.theti went iato.corona discharge; long flamelike 
discharges exte$ding forward-'qtifte-some distance, apparently 
about 20,feet. ; 

1 .. . 

'sAnticipating a sudd'en di.8:cf;arge,' the throttles wer8 
closed to reduce forward 8deed and. a. desceht"was" etart;ed. 
The corona on the.qose,fmmediatgly.'~~ased as'the thkottles 
w8re c~osed~~and'de'Ecent .begun; . .'V, : . '. I- '. '. 

I . ;I .; : : : ".. .' . . ' 
.*On ieaoh:i.ng: '9:OQ.O ,.feet-,: pcwer. was .in~c~eased"to'. normal 

and- .descent c&e'c.,ked,,. The.. t'e'mp'e.ret.ure was 3'80 ,I? gt,;.th!.e level, - 
' ,s’now ha.d cha’qged :~,p.~flBn::0r3.t'h.:iit~ie. static. and' no corona dis- 

,: charge ,. r ,, ', '. : . . :- i : i.: . a _ . 
I ' . '8 , A... .' .' . 

"1 f the ,sa,me. speed ‘&ii’ 1'e,v?el: ,Jcf,. flight had. bee,n' :main- 
tained at li‘,CIOO-.'fea.t 3% Ys .bpli,gvad .the."ehi'p" would: have been 
struck by >fght&ngj ~.ihb$ 'Jmmeh'$at.ely after-ldwering below 
th.e cl.oud de,ckY'a .X&ever.8 dis~h~~ge.o~.lightni~g~~~c~~~8d-cloee 
to the 18'ft,<w$ng," .,.:: ,.: '.u.; ;' ".; .,:. .I .-1." . : , : *.:.. ._ 

: . . .; .:. . ', . _ .I .' ~ : .,' , . J,, :; _ : I . . . . I , 
.'I ., .': .' . I. . 

,. :'. ,,: < : 
. . :: a._ *_.. .'. 

. . ,. . : i : ..I,, . . 
* ., -. 

,, ,” 
-, .:’ . . . . . 

, I.\) 
‘. ,,. ., a’,. 

. . . . _ ,, _ 

!The letters ?‘A,& 'rB;fl (tO,lr and "Dfl are intended to den- 
ignate certain epecific cities or towns i?:,the vicinity of 

- 

the aI.rway over which flight..wa,s maae.)'. : .,.F t . . 
,,. ,: '.' I. . . ,.. '. 

:, . . . . ‘i,’ 
. 
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21. 2ECOMMLXDED FLIGHT PBOCEDURE AND PRECAUTIONS TO AVOID OR 

ALLIVIATE HARHPUL EFFECTS FROM SZVERE HETEOROLOGIGAL 

CONDITIONS (OTHER THAN DISRUPTIVE DISCHARGES) 

ASSOCIATED WITH THUNDPRSTOBMS 

1. If the precipitation intensity or the concentration 
of moisture in the clouds seems to be relatively great, a8 
evidenced by unusual wetness, have the carburetor preheat full 
on. This probably will tend to prevent r.ough engine action or 
engine stoppage. 

2. Avoid instrument flight in areas where towering, trop- 
ical cumulus Clouds may be encountered, The severe turbulence 
therein offers serious harards for night flyfng. 

3. Avoid, the turbulent zones within growing or active‘ 
cumulo-nimbus clouds, eepeciallg where the rapidly .ascendfng 
core and the surrounding descending exterior adJoin. Other 
turbulent zones to be avoided are near tl?e narrowe@ portion 
of the core in the vicinity of the freezing level and above 
that wherever the buoyancy of the u?drafte are raDic".ly dimin- 
ishing. Accelerations of considerable magnftuhe may be en- 
countered, capable of doing structural damage to the aircraft 
in some cases. 

4. Avoid the downdrafts in the neighborhood of the base 
of active cumulo-nimbus clouds and their acccmpanying squall 
clouds. Also, avoid the downdrafts assoniated with heavy rain 
(usually cold) which descends in gushes from cumulo-nimbus 
clouds. Rapidly dissfpating cumulo-nimbus clouds, too, are 
characterfred by strong downdrafts at almost all levels, and 
these must be avoided. 

5. Avoid flight through or in the immediate vicinfty of 
line squalls and especially of the attendant roll cloud, for 
there is danger of encountering violent turbulence which ren- 
ders an aircraft unmaneuverable or is likely to do structural 
damage. Avoid a path intended to effect flight underneath an 
approaching squall cloud or heavy Shower, as downdrafts may 
induce dangerous, diving angle of attack and acoelerafed de- 
Scent, wherein pull-out may not be possible before the surface 
is reached. Flight below or within regions of downdrafts 
which may carry an aircraft to the surface is therefore espe- 
cially fraught with danger. Overrunning cold fronts and pre- 
frontal line squalls have especially great hazards associated 
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with them.' Tornadoes and hail appear to occur most freauently 
in conjunction with the prefrontal type. 

6. It is preferable to avoid flight through or beneath 
cold-front and orographically produced cumulo-nimbua clouds 
and thunderstorms, a4 adverse conditiona of unusual severity 
may be expected, particularly if the warm air mass involved is 
very jnoist and is, or can readily become, conditionally un- 
stable by lifting. (Tropical maritime air maages have these 
characteristics most often.) Downdraft 8, torrential rain 
gucrheb, turbulence, ice accretion, and hail associated with 
storms.over mountainous terrain where peaks may be wholly ob- 
scured bv clouds present most extreme combinations of hazards. 

7. If flight must be made through a thunderstorm, it is 
generally 
note below P 

referable to fly at somewhat reduced speed (see 
in th.e region a small to 'moderate distance above 

the top of the roll cloud and just above the accompanying 
strato-cumulus cloud deck. Inaemuch aa turbulence usually 
increases with height.at the boundariee of the rising'core of 
air, less turbulence can be expected in this region. 

.’ 
ixx!E : Too great a reduction of sreed is highly objec- 

tionable since reduction of enaed may.lead to stalling and 
loss of control, which is especially dangerous in turbulent 
air. It is therefore deerirable to remain at a ea'fe speed 
above the stalling speed. One authority has euggeeted that 
the rough-air operating sneed should be placed midway between 
the stall speed, flaps up, and the design maximum speed for 
level flight, with both figures baaed on the normal gross load 
condition. Some authorities conai.der the desirable method of 
reducing speed is to lower the landing gear, There are objec- 
tions to reducing Speed by reducing engine power alone, for 
there 5s a risk of inducing the formation of carburetor ice or 
of fouling' the spark plugs, with the undesirable result of in- 
sufficient power being available when and if needed. 

8. Avoid flight through the '*light spots" or "greenleh 
hued" regions in an active thunderstorm, ae these ere coneid- 
ered to be regiona of eevere turbulence and hail. fLight 
spote are regions where the cloud mass has a consistent 
filmy white texture and lacks the "boiling" contour of cusulu~ 
clouds. There is reason to believe that such regions are 
spaces where ice particles falling into concentrntlons of . 
water particlea cause rapid condeneation, and possibly hail. 
Strong air currents also may be produced.) 
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9, In flying in the vfoinity of a lfne of thunderstorms, 
ft is preferable to maintafn flight under clear'sky or-under 
high overcast, rather than beneath an intermediate overcast 
cloud layer. (The reason for this is that thunderstorms have 
a tendency to build out above the strato-cumulus, alto-cumulus, 
or alto-stratus.layer and suddenly release heavy rain or hail 
in advance of the squall cloud. 
ate to severe turbulence.) 

These are attended.by hioder- 

10. Possibility of enc'ounte'ring hail on the leeward sfde 
of the thunderstorms that are "skirted" too closely suggests 
that the immedfate neighborhood should be avo.ided for that 
reason as well as for the reason that cloud-to-air lightning 
strokes might involve the aircraft. 

11. If flight below a thunderstorm must be made because 
the storm cannot be flown over or detoured in the clear, be 
certain there is adequate tzlearance (at least 2000 ft> between 
the cloud base and the aircraft, as well as between the air- 
craft and the ground (preferably not less than 4000 ft). The 
heavy rain curtain, the roll clouds near.the cloud base, and 
the region of strong updrafts and downdrafts should be espe- 
cially avoided. Thunderstorms which are several hours old and 
are diminishing fn intensity can be more safely flown under 
than young and vigorous thunderstorms. 

12. Avoid flight at low levels between two nefghboring 
thunderstorms, especially if the storms are "young" and 
energetic. The strong desoendfng currents in thfs area, en- 
gendered by the combined effects of the two disturbances, 
frequently manifest and produce extreme turbulence of hasard- 
ous proportions. 

22. RECOMMENDXD PROCEDURE IN TEE EVENT OF 

MAGNETIC COMPASS FAILURE IN FLfGRT 

In a emall number of cases electrical discharges appear 
to demagnetiee magnetic compasses, and in other instances 
the compasses become unrelfabie as the result of magnetism 
induced in the steel structural framework of the aircraft by 
the heavy discharge current. The succeeding fnstructfons, 
which describe steps designed to alleviate the de.fiCiency 
in such casee, are taken from a General Information Letter of 
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May 2, 1938, forwarded by Transcontinental and Western Air, I 
Ina., to all its flying personnel on the subject:' 

"In the,event of magnetic compass failure in flight,.it 
is recommended that the following procedure be adopted, so 
that the pilot may orientate himself and est,ablish dfreotfon. 

"If completely lost on instruments, due to compass fail- 
ure, it then becomes necessary to make use of both the direc- 
tional.gyro and the direction finding equipment aboard the 
airplane. 

"Orientation under these conditions may be accomplished 
as follows: 

1. Tune in a station, preferably one which lies on the 
route within reasonable distance limits, and one 
from which a clearly audible signal may be received. 

2. Solve'orientatfon problem and home. 

3. If the ceiling is suoh that a landing cannot be ef- 
fected - immediately tune to some other station 
within a reasonable distance which gives a clear . signal and home accordingly. The initial homing 
heading toward the second station will be the. 
bearing of the second station from the first and 
therefore provides.8 directional heading on which 
to set the gyro. 

If the ceiling of the second station is such that 
a landing cannot be effected, direction will at 
least be established 80 that the pilot may head 
toward an area suitable for landing. 

Precautionary Measure& 

1. In solving the orientation problem for the initial 
station It will probably be necessary to fly for 
three to six minutes on the 90 degree leg (at 
right angles to homing course) in order to get a 
sufficient change in null progression, since the 
plane may be considerably dietant. from the station, 

'Appreciation is due the Transcontinental and Western 
Air, Inc., for kindly furnishing the iristructions for-use in 
this publication. 
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It will also be essential to hold as steady a 
course ae possible whenever setting the gyro to 

,null.or'when establishing null.progression. 

2. During the homing procedure on the initial station 
the first officer should choose another station 
giving consideration to distance and also source 
of signal strength and should observe or measure 
the bearing of the second station from the first, 
since this will be the bearing of alignment on 
which to set the gyro when over the initial sta- 
tion. Be careful not to use the reciproaal. 1 . 

3.' Care should be exercised when solving the orienta- 
tion problem on the second station;.and if it is 
found' that the plane.was headIng.away from the 

. . station then the.gyro should be changed by 180 
degrees. 

4. '%hen possible, in normal flight, make it a practice 
of checking the rate of precession on the direc- 
tional gyro so that it can be set accordingly on 
a,time basis. : 

5. Prior to flying rlnto an area where St. Elmo's fire 
3s prevalent, carefully check the gyro against 
the magnetic compass.and i.t is repommended that 
you do not change the gyro until such ,tfme as 
the condition has been passed, provi.dfng the 
condition flown thru is,not too extensive. If 
the procedure outlined in Paragraph.4 has been 
followed, it is possible,to reset,the gyro on a 
time basis due to the fact that the magnetic 
compass may be strongly affected as a result of 
St. Elmo's fire. 

*** ***. *** 
. 

The following procedures are of practical value and may 
be adopted providing the pilot can clfmb up thru the overcast 
and break out on top. 

Night Time 

Direction may be established by locating the North, or 
Pole Star and aligning the direction of the flight toward it. 
This direction is True 8orth. To obtain magnetic equivalent 
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eubttia-ct':,the. varfattion.:eof your localf.ty,from 360 degrees for 
'Easterly v'arf.ati'on and.aet the directional ,gyro accordingly. 
Conve,rhiely(. ,tf :tha. variat5on;i:e ,Westerly add variation of lo- 
cality to sero and set the gyro. I . - . .- . .. .. 

,&y Tim; : : .:. : .',.,,. i+ . ,; . 
I. . I . . . . . : . 

" Di,rect.i:on 'may di .establlshed, plus or minus 20 degrees 
a...by setting-one':s watch ,to the .eatabliehed time zone of the 

locality fn which.the plane is flying and pointing the hour 
"hand of the watah.toward the .aunr True South will be indi- 

Fated by.a:point,midway &between the.hour hand and the figure 
h12'1, using, of course, the shorter of the two arcs, i.e. 

,,Sduth'may :be,,foand..by btssct%ng.the .angle between the hour 
.' 'harid:ind ,the:.ffgure h2.;!',, . .,. 

. . * .: :. : .:,..: ... . . 

23. PkXN~BRINO DATA 

.: I, ,. - *. : c ! . 

. ,’ Data'of.interest :to.aa~dnsutick~.engineere.fn connection 
: with the,.poaeible..ef,?eCtrr~of dfsrupfivs electrical discharges 

upon certain aircraft Rtructures are, given#in agpendix II of 
this report. Temperature and altitude data for the occasions 
of’: such,,dfsoharges..are..gtv8n fq ,+ppendix III on the basi 6 of 
avarlable information3 ..These data are:.ueeful in determining 

,whether avlat~qn:i~uele.~nd~lupricanba.ar~~5n~ide or outeide 
of their fnf%ammabi.lity.limits under.the.givez; conditions. 

. . ...! ..* *, .,. 
.: v .Wi;h.r~~ard'~~;mkgn~~~~ effect; ‘of’:Lightning it may be 
recalled (se'a.~ec; li):that.theye are.aifew'caseR on record 

,whsre,.i.t was claimed 'that the..permaneqt ,magnets of the mag- 
net&$ may-have been in%Ztuenced ,or sthat the magnetio compass 

'was:.affecte&,. e5ther.,by,;demagneti&atfsn or by magnetieation 
of some nearby ateel parts of the:afrcraft. For information 

rl as to the shielding of permanent magnets from traneient mag- 
netfc fielde, the interested reader is referred to an article 
regarding that subject by Wey (reference 16). For informa- 
tion a8 to means of eliminating or correcting airplane mag- 

., . netteation , ,th.d*ra&der:mag consult,.an article by Lee (refer- 
* "*no'* 17,). .I ' ;r,; ,, : ; ; .': I" ',. : . . \ ' . a. 

TJ. S. Weather Bureau, 
Washington, D. O., April 1945. 

., .' t ., I. : ,. .r. : . . * J -1 : , . , .* I-L . . 
L . . . . ,:. ; . , . ... - : . f .: " ; '., ? :_ : .,=. . . '., ;:. 

. . 
I. -. 

. 
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APPEBDIX I 
, 

BRIEF GLOSSARY OF SOMRI IMPORTANT METEOROLOGICAL TERMS 

The following brief glossary is included for'the benefit 
of the nonmeteorological reader. It is, confined largely to 
terma relating to.the.thermodynamics of the. afmoephere essen- 
tial to understand in aonnscfion with the discussion in sec- 
tion 1'0 and app8ndix.V. The arrangqment is. such as to pro- 
vide a more-or-less logical development of the subject if the 
definitions and the discussions'are read consecutively. . 

1. Lapse .rate - the rate of deorease of temperature 
with hefght’in the atmosphere 

2. Dry-adiabatic lapse rat& - a rate of decrease of tem- 
perature with height approximately equal to lo C per 100 me- 
ters (0.55' F per 100 ft). This is ‘qlose to the rate at which 
an ascending body of unsaturated air will cool due to adia- 
batic expansi'on. The lower pressure encountered during aseent 
permits e'xpansion, hence cooling. Higher 'pressure encountered 
during delscent cause~.~compreseion, hence heating. . . 

3. Adiabatic pracess';- a process during which no heat is 
communicated to or'withdrawn‘frdm the body or eystem concerned. 
An example of an adiabatic process is the change of tempsra- 
ture and pressure within a parcel ,o:f air undergoing ascent or 
descent in the atmosphere rapidly enough so that the surround- 
ing air has'littls opportunity to transfer heat to the parcel 
or vice ver0a. The work done by an asoending parcel in expand- 
ing against the surrounding air uees some of the heat energyT;z 
the air in the parcel,- thus causing cooling of the parcel. 
reverse is true in re,gard to a degcending parcel, 

4. Saturated-adiabatic lapse rate,- a rate of decrease of 
temperature with height equal to the rats at which an ascend- 
ing body 'of Baturated air will cool during adiabatic expansion, 
where all the products of condensatfon-are carried along by 
the moving body of.air. The eaturated-adiabatic lapse rate is 
not constant as In the case of the dry-adiabatic lapse rate 
but varies with temperature,'pressure, and original moiature 
content of the air. It is always -less than the dry-adiabatfc 
lapse rate, and increases as the.temperature decreases. (An 
approximate average value for the'saturated-addabatiozlapse 
rate is 0.6' C per lOO'm,) Saturated-adiabatic lapse rate 
alse is called wet-adiabatic lapse rate and moist-adiabatic 
lapse rate, _. .-. 
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5, Pseudoadiabatic lapse rate - a rate of decrease of 
temperature with height equal to the rate at which an ascend- 
ing body of ,saturated air will. cool during an expaneion which 
is adiabatic, except that all products of condensation fall 
cut of the body of ascending air as rapidly as formed. For 
practical purposes the value of the pseudoadiabatic lapse 
rate may be regarded ae eubstanti’ally equal to the saturated- 
adiabatic lapse rate under the 8ame COndftiOnE of temperature, 
pressure, and. ~origiaal moisture content of the air. Forced 
descent of afr which hae,undergone pseudoadiabatic ascent im- 
mediately cau’see it ‘to beoome unsaturated and to warm up at 
the dry adi,abatIc rate,; since product 8 of condeneation, having 
fallen out, are unavailable to maintain the air fn a saturated 
condition. 4.. 

6. Stability - a state In which the vertical distribution 
of temperature is ‘such that ‘a parcel of air will re-a.iet either 
upward or downward dieplacement from its level by a disturbing 
force. The reedstance in the c’aae of upward displacement 1~ 

due to the fact that the parcel de colder than the aurrounding 
air, thek’e’f ore dsnser ;’ hence 3t sinks back to its original 
level Vhe,n the’ disturbing force cea8es to. act. The re sixvtancs 
in the C&BB of downward dioplac’ement ie due to the fact that 
the parcel is warmer than the BUrrOUnding afr, therefore le8a 
dense; hence+uoyancy causes it to rise to ite’ original 3.evel 
when the disturbing force cease& to act. ‘; 

7. Stabi’lfty of. unsaturated air - Unsaturated a,ir f.6 sta- 
ble 88 long RB the;sxisting lapse rate ie less than the dry- 
adiabatic ,lapee rate, . 

, 0. Stab-ilfty of saturated a”ir-- Saturated air Is etable 
as Long. as the ex,ietfng ,lapse rate is le.80 ,than the saturated- 
adiabatic or .peeudoadfabatic lapee rate. 

‘. 9;: .Lnstability - a state in which the vertical distribu- 
taon ,o:f, temper’ature: i8 such thst a parcel: ‘of air, If. given - 

, either an upward or -a downward fmpulse, will tend to move 
away wit.h increaeing speed from its original *level. The force 

.c:ausrlng the par’cel t’o continue In upward motion after an ini- 
tial: upward impulse is rbuoyancy reeulting from the parcells. 
being, warmer ,than .the surrounding air, hence lesg’ dense 
(llghte’r.) . . . The parcel continue8 in downward motion after 8n 
initial:downward impulse, beCaUae'it is colder than Ahe sur- ’ 
rounding ‘air, hence more dense (heavier). 

* ’ 10: I’n@tab%lity of uneaturated air - Unsaturated air Is 
unstable when the existing lapse rate is greater than. the drya 
adiabatic lapse rate. 
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11. Instability of saturated kfr - Saturated air‘i'e un- 
stable in the upward direction when the existing lapse rate 
is greater than the saturated-adi,abatic or pseudoadiabatic 
lapse rate. Downward displacement of -saturated ai'r ‘causes 
its temperature to increase, which leads to evaporation of 
the contained 1fquFd water, snow, or, ice crystals, and even- 
tually to ‘an unsatar#ted stake when the latter are entirely 
evaporated and/or removed-by.falling out. 

12. Conditional instability - a state in which the'ver-' 
tical distrfbutlon of temperature is.suoh withZn a layer of' 
atmosphere that stabi.lity for unsaturated air prevails but '1 
instabilfty of satursted air wou,ld- occur f-f saturated a%r,' 
were introduced at the, base of, or anywhere else within; ,th.e- .O 
layer. Condltfonal fnstability obtains whenever the exist-' *. 
ing lapse rate withfn the layer. exoeeds the saturated-adia- ' 
batic or pseudoadiabatic lapse rate, but is less then,the _ . 
dry-adiabatic lapse rat,e. . : -. -. : 

13. Absolute stabflity - 
. . : 

a state.in ~hich,t~e'v8rtical"'~'-~ ' 
dfstribution of temgerature,is such withina la$er of atmos- 
phere that stability for saturated air would prevail in,the. '.. . -' 

* 

layer ff saturated air were fntroduoed anywhere with5n it. 
This also implies stgb$&%ty.for unsaturated.air. Absolute :I 

"' . 
': .' 

stability ob,tains wh.enever the exi,sting lapse.‘rate ti%thik 
the layer fs less't'han tAe saturated-adiabatic or pseudo- 
adiabatic lapse rate.. ., . . c , ~ :. .. ... . - -:,i.' ' ., _. . .'. __..,. .: ,: . . 7 :- :. . . : ; 

14. Convective, fnetabiXity, - Apart fro-m, %h'e cas%: Lhe-re ' : . .-l. 
a layer already,js unstaLble.f,or sa.turated air.und~'~ha~'s'&u- . _. .,-r. . 
rated air present'in.$t&,:lower portion. at'lea,st.,'. c&Ge'c5t"ive 
instability-lmpiies ape-pf the f9llowing:poss~biliti~~~'..-~ .': 

-. 
. . : ,. ;. : ,_ .:;. . .I -, I -- ': 

: ., 

'bf.air currently:,has a..lapse:rate"'w>ioh .' ' 
. 

(a> If a layer 
. . . 

'ii'stabl'e for saturated air, and .has saturated' . - i 
air present in'its lower:portion, 6uffidf:en.t ‘If&. 
i-ng '0.f the layer,,as a whole. ev.entuall.y .wil:l -cause. .1 . 

*the layer to become condit,iona1'ly unstabis .Lh:fIe I '. . ,. 
saturated air is pree.e'nt in pts lower 'portion. .' -. . , 

. . : 
(b) If a layer of, 'aiir. cpr'r.eptly hae.un.satukated'- a'ir' i-n ':' " 

it6 lower porti,on, a'certa.in amount of lifting .of” ,I 
the-la$er as a whole will cau.se the-lower poition 

I. ” 

to become saturated with thealager stable fdr-&t7. -. 1 . . 
urated a1r; but.suffic%eat additfonal.'l%ftlng _' . . 
eventus$l'y~wi.ll cause the :&ayer 'to .becc%.se' cond'i- 
tionally.'unstable with saturated air present at 
its base. 
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(cl S,f a.lays,r, of air currently has a lapse rate which 
is.si.ther stable or unstable for saturated air 
an+ hasunsaturated air in its lower portion, 
suff.fci.ent lifting of the layer as a whole will 
cause the base to become saturated whfle the 

' layer ie conditionally unstable. 

Summari'zin'g: Convecti,ve instability of a layer of air 
implies that, if'it is not already conditionally unsta- 
ble wi.t.h saturat8.d air. pres.ent in its lower portJon, 
then.it can be brought to that state by sufficient l%ft- 

. tng. When that. state is reached, the instability of the 
layer fo'r. saturated air fs manifested by the actual 1 
(thermal) convection. of saturated air from the lower gor- 
Fion to its upper portion' or highor, with consequent in- 
crease in.the vertioal development of the clouds formed 
by produ.cts of 'condensation, and the:oocurrence of tur- 
bulent currents caused by the' convection. 

15. Convecti stability of a layer of air implies that 
it'iscurrently 2 unstable for 'saturated air with sat&rated 
air present in its iower.portion,' aih that, moreover, the 
layer oannot..be brought to sstate of condit.i.onal instability 
with,sat,urated,,air present in-its lower portion despite..any 
amoun! Qf iiffing, A layer which isconvectively atable,there- 
fore cannot actually exhfbit;' instability for saturated air by 
any adiabatic process which the‘layer may undergo as-a whole. 

16. Co,nvect.fon..- the upyard or downward movement, mechan- 
icai&:y or .ther,maLly produced, 
mo &h&'re.. 

of a 1imLted portion..of the at- 
:Mec.hanical or forced convection is due to displace- 

ment of the. b'o.dy o,f air -upward or downward .by an external dis- 
turbing factor which f'orces the air from its orfginal level, 
as when-horfaontally flowing afr strikes an. obstacle like a 
hill. and. i.s’.‘fo,rced to fLow over ft. Thermal convect ion f s 
a.ct.ipe. when.a,n,,upward-'impelled p,arcel o.f- air is warmer, hence 
less dense, than Its surroundings and continues to ascend a8 
long;a,,s it thus possesses buoyancy; whI.le, on the contrary, 
the opposite [i.,.e., sinking) effect ig,produced when a down- 
ward;imgelled'parcel of air"is colder, hence more dense, than 
its surroundings and continues to despend as long as'it thus 
r.emaips.heavier. than an equal vo?ume of surrounding air. 
Thermal coqveotian readily occurs in unsaturated air when the 
e$i’stfpg lapse rate ex&eeds. the dry-adiabatic lapse rate, and 
in'safurafgd-'air when the existfng lapse rate exceeds the 
saturat'ed~adiabatfc or pseudoadiabatic lapse rate. (See 
fntitabi1ity.j The approximate upper limit of thermal convec- 
tion is thd'level where the temperature of the ascending 
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parcel of air just begins to be. less than that of the sur- 
rounding air, although if the parcel has considerable upward 
momentum when it reaches'fhis level it will overshoot. A 
parcel of air undergoing upward.convection cools by expansion 
approximataly in accordance with the dry-adiabatic lapse rate 
if it is unsaturated, and with the pseudoadiabatic lapse rate 
if saturated. 

APPENDIX II 

LABORATORY TESTS ON IIIFFZCTS OF "ARTIFICIAL" LIGHTNING 

UPON SHEET METAL AND WINDSHIELD GLASS 

The High Voltage laboratory of the General Electric 
Company at Pittsfield, Mass., under the direction of Dr. K. B. 
McBachron, and the corresponding laboratory of the Westfnghouse 
Electric and Manufacturing Company at .Sharon, Pa., under the 
direction of Mr. P. L. Bella6chi have conducted valuable ex- 
periments for the NACk in an effort to discover the effects of 
simulated lightning discharges upon certain exterior portions 
of the modern aircraft structure. 

The result6 of these tests are briefly summarized here. 

1. GENERAL ELECTRIO COMPANY LONG-DURATION 

LOW-CURRENT TZSTS ON SHEET BUTAL . 

Tests were made on sheete of metal of various kinds and 
thickness with low-current eleatkic arcs in order to determine 
the relationship between the area of the hole burned in the 
sheets and the thickness of the metal in addition to the total 
quantity of electrical charge that flowed through the arc. 
The low-current arcs used were intended to simulate the low- 
current continuous component at the tail end of lightning 
strokes (see appendix VII - Subheading: "Effects of Component 

- Parts of Return Stroke") and the continuous low-current type 
of lightning disoharges which are sometimes encountered by 
aircraft. The test arcs were initiated by a low-current nega- 

. tive polarity impulse followed by a negative direct current 
power current ranging from 80 to 500 amperes. This method was 
found to produce burn6 most nearly like those made by actual 
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lightning strokes of the continuous, long-duration, low- 
current type. . . . . . * '. 5 : 

Electrode's weria.gene,rally separated'by a gap of 114 to 
l/2 inch from the .shket under investigation. In the teats on 
copper, than ing'the size of the gap ,between electrode and 
sheet from 1 7 8. tb -1/4"to 3/8 inch did not seem to produce any 
material difference in results. 

The data secured on copper sheets, aluminum sheets, and 
stainless steel (from Fleetwings, Inc.) are of especial inter- 
est. 

The results maplbe summarized in the following two cqua- 
tions which relate the essential quantities involved: 

For sheets of copner, 
(from Fleetwings, Inc.) v : ,, .. ! . 

1. Havin$ 'a' thickness ., 
, ,. ,.. . A, .= 

, tina ,. ,_ . , : ., 

,2; &vihg.a thickness 

, T j .&a= 

&here 

aluminum, and stainlees steel 

of 0: to 36 mils:' ' 

25i3 (1 t-0.9.. 

a 

of 35 to-150 mi1s: .I 

246.G t-='64 

A area of hole burned. by arc -' -. ! square millimeters 

c quantity of.electric charge through.arc, coulombs 

t thickness of sheet, mils 
;. I . 

'T'h<ess equat,ions a@ply:equally!$ell, trrith.goad,..approxima- 
" ti$"t,o Cop@6r, stain&ss 'atee.1, and .-aluminum. . . . .y .: .: : . : 

. . 1 
It may be'ddted that-'the gve'rage numbsr :of coulombe,meag- 

ured 'in:.'ri~tural ,'li'ght&ing str'dkee 'is"20 to -35, whiie the max- 
imum Bfe~r.'measured, was~slfghfly'g~eater than 300, . . . . 

"?.ie ;,fo,llowing data @essnt. 's,ome 'typical r.e.sylta for the * 
sake: of i:l,l,us-trati'on: . . ./ ._ .' I ', ,. ., - , . 

. . .-.:. ' 
: . .a. 3: :.. ..;:-. . ': 

. . ,. .!. : _,:. . . ,- ;. ---. -- . . 
,':..",, _..: . . ..I- .' . . 



I -- 

. . 

‘. . 

!cype of 
sheet metal 

(Plah, exoept 
* = seemed) 

copper 
D- 

AlU!XiL~ 
Do-------c 
Ij,-----, 
D.+..------ 
DCJ------- 
Do-------- 
Do "---e3----- 

Stainless. steel 
Do ---e---c---.. 
Do---c------ 
DO---A--- 
&-------- 

*I)om3-------- 
ado-------- 

lhM!ness / Shape of' 
~ of metal electrode 

b-l.1 

0.020 
.020 
l 025 
.025 
.025 
.051 
A61 
.I.00 
. 100 
.OlO 
.OlO 
.OlO 
d34.0 
,043 
0010 
0020 

-- L&mm 
-..a0-.-- - 
W-20 -.--- 

Pointed 
--".&J...-... 

ij hIl* 
w-G .do-7 I- 

- .r.c. ..-a” 

---&I - 
---do ,...,C) 

El 0.52:. C7"2 
4R5 -123 62 
426 ,- 10'7 75 
436 -..*"mb- 1-A 

85 ,246 22e4 
426 &2iI2 115 
446 -66 242 
446 .w?. 203 
446 .BES c32 

91 ,076 7,2 
RI .16f 1403 

716 -167 .I31 
115 .7Sb 92 
77s ‘lG7 11'1 
476 "Zl2 i40 
700 ‘2~7 142. 

3010 

ill’b& 

kqest : 
dpoa of 

me!csd top 

.lr : 

45 . -I...*---“- 
!!2’i’ ---..u~“~-” 
1: ‘2 33s 
264 497 

20 117 
33 208 

155 37% 
40 222 
70 I.91 
16 m-c-z- 
El ..s. ..------ 

.3lS n -.----.-..- 
60 S.-M 1 a"-cm.-m 
&S 

2% 
110 

..m,-,r*..-- 

--..-a....---- 

*Spot-welded, seamed shnete of indiaate'd tb.iokmss mm-lapped l/2 in. 
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Electrodes were of hard, l/4-inch carbon rods, either 
blunt ae indicated, or sharpened to a point similar to that 
on a sharp lead pencil, but w%th mere taper. 

The type 'of hole burned fn the alumfnum appears to be 
different from. the one burned in the plain, copper. There ia 
a definfte melted area surrounding the actual hole in the 
aluminum which is not found to ang extent in the copper. 
The last column of the foregoing table repreecnts the area 
of hole burned through by the arc plus the surrounded melted 
area of metal. Halos were burned more readily in the alum- 
fnum than in the copper, especially for thicker sheets. as 
the thioknees inoreases, the holes are not burned straight 
through in cylindrical form but are tapered. 

Double-Wall Tests on Stainless Steel 

Tests were made on low-current arcs to double aheete of 
stalnlese steel to simulate the condftion of lfghtning 
strokes to double-wall gasoline ta?tks in airplanes. Differ- 
ent condftfons of clrcu$P, &rorrnae, sheet separ:tfon, and 
sheet thickness were tried at substsntiallp constant charge@ 
inthe arc (about 100 to 120 coulombs), The sheets were held 
in a vertical position, separated by wooden spacers, with the . 
electrode in a horizontal. plane (perpendicular to the sheets). 
The tests appear to indicate that gas tanks with the outer 
wall grounded and the inner wall lsalated would afford the 
best protection and those with both walls grounded ere almost 
as good. To insure that the holes are not burned in the in- 
ner wall, th% spacfng bstween inna:* and odtor hall for 16-mi.1 
sheet stF-5.nlets sttcl (as per nrrmple from glesLwIngs, Inc.) 
must be cter Sk Inchas; for XLmil: it myat be 3/4 inch or 
more: for 9o...Iil:.1* il; must be &,'a in-rh err more; and for 40-mil, 
it must be l/4 Inch or more, Xz osdsr tcr 8eso.2e safety of 
fuel tanke.thtirefara,rather libaz~?. G?Loing iu~ doable-wall 
tanks shculd be used. Holas bc.snai. ir, tlze sit&et nearest the 
electro8.e. when that 'shae'i is !.r;cla58d vLil.e Ihe cneet far- 
thest from the electrode -;a grounded. h%ve abcut a 70- to 80- 
percent.smaller area the.n when tho first sheet conducts the 
current to ground direatly. 

Designating the sheet neareet the electrode as No. 1, . 
and the .other ne Ho. 2, the following table shone a compila- 
tion of the teet data indicating the relationships between 
thickness of metal, . 
between sheets, 

grounding or isolation of metal, spacing 
areas of hole6 burned in the respective 

sheets, and the coulombs conveyed through the arc: 
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Double Wall Construction of Stainloss Stocl Sheets 

Thicticss 
of 

shoct 
(mus) 

16 

16 

16 

16 

16 

16 

16 

16 
20 

20 

20 

20 
20 

30 
30 
30 
40 
'40 
40 

.40 
40 

Groundcd~ 
shoot 

1 

1 

I 

2 

2 

-2 

1 and 2 

l,md 2 

l- 

1 

2 

1 and 2 
land 2 

1 
2 

land 2 

1 

1 
2 

land 2 
land'2 

Isolated 
shoot 

2 . . 

2 

2 

I 

1 

I 

-m---m- 

-----w 

2 ' 

2 

1 
----_-- 
-m----w 

2 
1 

e----m- 

2 

2 
1 

-em-,'-- 
------- 

Spacing 
batween 
sheets 

(in. 1 

0.5 ~ 

-75 
1.00 

a25 

-375 
.500 

1.00 

1.25 

-5 

-75 

l 5 
l 5 
l 75 
025 
l 25 
025 

'.5 
.25 

95 
.5 -. 
.25 . . 

Uroa of burn - no hole formed. 

Holo 

:::I 
bR=> 

157 
160 

155 

104 

loye 

1is 

141 

148 

1-45 

123 

100 

109 
106 

103 
'm 

$5 

105 

77 
74 
7% 
70. 

Role 
area 

3heet 2 
hP) 

g4 

80 

50 

,178 

'2Ok 

190. 

72 

33 

50' 

6? 

152 

“16 

I96 
'72 
76 

.%2 . 
lo 

ljj. .' 

0 
0' 

12(j'. 

Coulombs 

104 

' I.10 

lOi3 

122 

ii3 1' 

116 

106 

112 
. I. . 

106 

104 

'I.10 
'110 

108 

log 

log 

103 
118 

99 . 
* -112 

,112 
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. . Inasmuch as'actuai.lightning strokes have been measured - 
'to atta,ln a,maximum value of at least 300 coulombs, the 

;' tests,base'd on 99'to 122 coulombs do not show the moat severe 
condit,ion.s that,must be provided agafnat. Therefore, spacing 
allowande's' c.,onsiderhbly greater than the maxinuma shown in 
the table would'be required to provide safeguard against the 
maximum'i'ntensfty ,af lightning stroke that mfght possibly be 
experienced. . 

- Tests on Aluminum Tubing ,. 

Tests were-made on aluminum tubing of 0.025-inch wall 
thfokness and 1 inch fn dPameter from an airplane rudder bow. 

A general.'idea of the results cf theae tests on aluminum 
'tubing may be gai.ned: from the following table; 

. .' 
, i.' 

Hole Hole Extra . : . s. 
A-A 

8F88# area, hole 
Direct top1 bottom burned, 

current' duration coulombs area 
(84.; (e,+C) (mm=) (maI (mm21 

I- ' -a---- ----mm-- 13.5 '12.5 None None : . . 
. 223: 0,196 40 38 None X‘one . . 

I- 

I 

': 193 ..- 0.188 35 %8 s71 None 

436' ;278 153 155 39 65 * 
'Side of tubing riear.ejdt electrode 
a Area.' of burn 

Ther'e appear to be two correlations between coulonbe and 
top hole 8re8: one where the hold or burn occurred only on 
one side of,the tube (nearest electrode), and another where 
holes or definite burn@-(melted areas) occurred on both Ridea - 
of the.tube. 

Holes of knewn..size burned in three '8imf.lar tubes by ac- ' 
tual lightning Strokes apparently were caused by strokes 
which passed 8, 38, and 110 coulombs, judging from laboratory- 
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derived relatfonshfps connecting burn hole area and coulombs. 

Tests on Steel Plate 

An attempt was made to burn a hole in 3/8-inch steel 
plate, but it was found that the lfmftatfons of the circuits 
prevented this. Also, the coulombs required would be much 
greater than the charge of any lightning stroke ever recorded. 
In the test, a 420-coulomb arc oould not burn a hole through 
the plate, but a craterlike hole 0.188 inch deep from the 
(blunt) electrode side was produced, and the largest area of 
melted top surface was 180 square millimeters. Thermocouple 
measurements of the maximum temperature reached at a point on 
th$ side of the plate just oppoefte the burn were only 80' to 
85 c. 

2. WESTINGHOUSI!i ELECTRIC AND MANUBACTURING 

COMPANY TZSTS OH SHEIT METAL 

Long-Duration, Low-Current Tests 

Investigations were conducted by Bellaschi (reference 6). 
on effects of long-duration, low-current arcs on sheets and 
rods. The test apparatus consfsted of an impulse generator 
which initiates the breakdown of the air gap between the hfgh- 
voltage terminal and the aluminum sheet tested. Sixty-cycle 
current, supplied from a high-voltage power transformer, 
followed. A copper rod machined to conical form, with height 
equal to rod diameter, was used as one of the electrodes. 
The aluminum sheet was grounded. The arc was between the ttp 
of the rod and the face of the sheet, 

Some representative results of these tests are shown in 
the following table: 



. . . 
I 

Diamotor Thickno+3 Currmt' ..' :Arc' Yo&lm? VoluI& Coulmbs~ 
of coppx of mqxgo 

nL3ic.n . of. 
L3nlplo of 

ma or alwninuui OffOCiiB do&or' z&x&a7 Sof 
tie sheet fusea fused alu.mi.nu.m 

' (in.) b.zl.) (coulombs) '] . b!l~) (mm=) 
fi8ca ., 

I/4 0,020 --I- 
-3q-z 

-T--j-G 
I -. 

I ..I 1 aheot 
1350 1 g: 1 172 Tip plaa l/i6 

in. rod fic3d.; 
l$ in. hslo 
buxncd in shoot 

12m I 1'44 
:JS 

'Rod tip f-a& 
l/4 in.; l'/;s 
In. holo barnod 
53 sboct -- 

1300 E 156 
. I 

Tip jllus 1/p . . 
b. ma k3cn;- 
l/2 in. cmtor 
fn &eel, 

Xot 0: 
“‘???z, 

lrFt1 of tba ro4 or dro or: the firet hnlf-cgclc is positive for.tko tcstg 0~ -1~s 
%folld IU3&iT0 01 3FdC3 1 p;d K e , . . 

- : . . . . . . .. _.- . . 

. 
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. 
There appears to be a fatirly constant value of coulombs 

per cubfc millimeter of aluminum fused in the range of test 
condition8 illustrated by the data for samples F and I. 
The range of the value in question was fr'om 0.28 t‘o 0.33 un- 
der these conditions. 

. 

Short-Tine, High-Current Tests 

These tests, similar' in arrangements to those outlined 
above,' involved a hdgh-current impulse instead of GO-cycle ' 
current. Typical results of these.tests are indicated by the 
following data:., _. . 

Sampl'e S '1.8: -l/4-fnch diameter copper rod; 0.035 inch 
alumi,num sheet,; crest current '= 17,000 amperes: dur,a-: 
tion of arc = 0.0045 sscond; charge = 23 coulombs; 
fusion effects: .rod fused 0.195 inch, 
biasted'. 

Tip ,qf rod 
l/4 fnch crater fused on Fhe,@t and sp+shed out. .- 

Sample H.S.: I/4-inch diame.ter copper rod;'.O.b35-inch 
aluminum: sheet; crest current'= 125,000 ampares; du- 
ration of arc E 0.0004 second; charge = 15 couLombs; 
fusion effects4 rod blistered heiavily at tip,, no 
concentration.of fusion. ,Discharge'blasted up rod .' 
1.5 inch. Fusion on sheet concentrated in 5/8-inch ' 
diameter (core of current discharge')-, t.o'est'imated . 
depth of 0.005 to 0.010 inch. Metal ,fus'ed approxi- 
mately 25 to 50 cub.ic millimeters. Tused metal in 
7/8-inch cusp form extendfng from core indicated 
molten metal was sucked up during. df'scharge and de-. 
poaited back on sheet. Sheath bf 'discharge' blast,ed 
out several inches f.rom.core. 

It 'will be.noted that the l'burningll effect produced on 
metals 'by the high current,component of lightning strokes,is " 
confined to a thin top layer at the surface of,the metal.... _ 
The duration of the initial h,igh current lin'lightning di:s- 
charges is r-elatively short, 

', 
not more than 200 millionthe of 

a second. For s,uch currents, the average current density at 
the metal surface in contact with the arc is from 300 to 
1000 ampere0, depending somewhat on the metal-and the polar- 
5ty. Therefore tI;e surface of metals is merely marked or 
blistered by the high current. 

* . . . : 
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3. PURDUl UNIVERSITY TBSTS ON WINDSRIELDS UNDLR 

SPORS'ORSHIP OF UNITED AIR LINES .., * . 

The United Air Lines made arrangements under which the 
Engineering Divieion, Engineering Experiment Station, of 
Purdue University conducted experiments of glass breakage by 
adjacent lightning discharges. Of tests made on two 8- by 
lo-inch samples of, "Aerolite" Safety Glass 0.142 inch and 
0.148 inch in thickness mounted r'igidly in a heav'y wooden 
frame, it was found that the 'rear glaes fractured wfth a 
sfngle fracture in one cage, and with cracks in the other'. 
case. In both of these teats a heavy aurge of current was 
caueed to flow through an 8&inch length of No. 32 copper 
wire placed in contact 'with the front surface of the glass. 
The short circuit current of the generator was 85,000 amperee. 
The initial dischargs vaporized the wire and supplied an 
ionized path for the remaining diecharge'along the surface of 
the glass.. The fractures [on the side away from.the arc) were 
parallel to the wire and seemad to be the result of concussion 
due to the presshre and expansion associated: with the arc. 
Evidence was alao obtained, that the concussion is sufficiently 
sudden 'td.make possible traveling wavee in the glacs, although 
the effect of these is largely determined by the 'method of 
mounting and the siee of the sam'ple, ,. ; ..,. 

'These teets are'not wholly conclusive inasmuch as the 
thi'ck'ness of the glass which formed‘the working eamples was 
not so great as that -of normal aircraft windshield glaes. 
In addition, the poesible e'ffect of aerodynamically produced 
pres'sure differences betw.een the two faces of the glass was 
not taken into ac-count, alt'hough it 1-s understbo'd that the 
differences in the case of's typical traneport afrplane are 
relatively small (for the Douglas DC-3 they are of. the order 
of 1 pai). .' 

. . . 
4. @RERAL ELtiCTRIC COMPANY TESTS ON WIlVD3HILLDS 

Tests'were uonducted at'the High Voltage laboratories of 
thk General Electric Company at Pitt-sffeld, Waes., under the 
direction of Dr. K. B. McJEachron. ,. ,. 

The Douglas Aircraft Company kindly cooperated by eupply- 
ing a cockpit assembly, complete with windshield, for the ex- 
periments. A high potential electrical discharge was induced 
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between the gape of electrode8 in the vicinity of double 
strength window glass. The preliminary estimates of the po- 
tential difference involved acro8s the gap8 were in the 
neighborhood of 150,000 volts. (With regard to the current 
strength used.in these tests, the minfmum number of.kilo- 
amperes required to crack l/4-inch thick safety glass was of 
the order of magnitude of 80, but the glass dfd not break 
through fn these cases. The maximum crest current used in an 
oscillatory arc with 21 microsecond period wae 235,000 amperes 
in one case.) An inspection of the sample glass after the 
discharge rendered it uneuitable for further use. The surface 
of the glass exposed to the electrical discharge had taken on 
a sand-blast appearance. This cand%tion was confined to a 
surface layer perha.pe one to two thousandths of an inch in 
thickness. Over some portion8 of this exposed surface a thin 
film of glass approximately three to four thousandths of an 
inch in thickness had been completely lifted from the main 
body of the material. Both the sandLblaeted and the thin 
glass film had a clear appearance rather than a white fused 
appearance as afght be expected from an applioation of high 
heat to glass material. ;. 

A second test was made using shatterproof glass l/4 inch 
thick. After these were subjected to several electrical die- 
charge 5, It was found that they were c'onsiderably cracked in 
a small, weblike pattern, although the glase held together. 
Each discharge distorted the glass pane in a cup-shaped manner 
extruded to the extent of roughly l/8 inch at ito center por- 
tion; 

A third test was made by inducing a high potential dis- 
charge in the vicinity of a movable front eliding section 
taken from a Douglas DC-3 cockpit windshield enclosure. The 
discharge caused a failure similar to that of the specimens of 
shatterproof glass mentioned under the second teat. The glass 
pane taken from the DC-3 windshield had been left in the 
metal frame and rubber U-channel in accordance with standard 
specifications for the part. After the discharge, the frame 
was found somewhat distorted and blown open slightly at the 
point of entry of the discharge. 

A fourth test was undertaken by making the DC-3 wind- 
shield enclosure part of the electrical circuit and passing 
a discharge over the outer face of one of the front fixed 
glass panes of the assembly. This produced a blistered eur- 
faoe to the glass material wIthout any appearance of crack8 
in its lamination, Another electrical discharge was made to 
pass acrosn the inner surface of the windshield pane just 
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: 
referred to in t:he .cloee proximity of the path of th.8 pre- 
vious $iecharge. Tki e produced a sand-blasted appearance 
without any craaked laminations of glass. 

?Jnder the conditions ‘of the experiments, the laminated 
shatterproof glass was not khattered (as by’an expldeion), 
inasmuch as the lamination binder materfal still retained a 
considerable adhesive and reinforced quality to the broken 
laminations Which, made up the complete glass pane. T.he ef- 
fect of repeated discharges of high potential resulted in a 
oondition afmilar tb erosion of the surface at the immediate 
vicinity of the discharge channel. 

Of'course, ,the limitations of potential and charge in 
:the .laboratbry place restrictions on the extent to which the 
results of the tests ban be applied to natural lightnfng in 
the most severe form that might be encountered by an airplane. 
.?ortunat ely, evidence to date lead8 to the conclusion that 
the current density in lfghtning ohannele of return strok’eea 

,from ground. to cloud is 
nF+r the ground. 

ordinarily, lees at hfgh levela-than 

. 
‘... 

. 

,’ 

_ .i . 

. . . 

. . ‘:- 
.: 

* 
.’ 

::. 
. ^ . 

. 

. 
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DATE, TE?APERATURE, AHD ALTLTUDE ON OCCASIONS OF DISRWTIVE DISCHARGES 

TO AIRCRAFT (ACCORDING TO NAM QTjZS~IONNAIRES TO END OF 1944) 

Date' Temperaturea 
Height 

Altimeter above 

low 
ground 

(ft) (ft) 

07Xx22 S-L 6,000 3,500 
032535 28 I 1g,ooo 13,400 
040435 -5 '18,000 16,700 
060235 
060135 

3": 11,000 10,200 
10,000 9,000 

092235 t-w . 15,000 14,000 
102735 40 6,000 5,000 
110235 ' 25 12,500 11,800 
I.01936 w-w 11,000 --m-w 
032437 w-w 7,000 6,000 
040237 35-40 4,000 3,300 
093037 35 11,000 5,000 
011738 I-- 7,000"7,'500 s---w 
030838 34 8,000 2,000 
031138A 29 3,500 . . --s-M 
031138B 
032238 

3": 3,000 . 2,000 
9,000 8,000 

032638 '032938A 2 13,000 9,550 
10,500 8,000 

041338 35 approx. 7,000 6,400 
050238 34 11,000 -w-e- 
051638 33 7,000 6,000 
061738 M-M 6,000 ', m-c-- 
061138 w-w 15,000 -w-w- 
061838 --- 11,000 3072338 11,000 m-.. 

10,000 10,000 
09213815 28 9,000 
092138B 

9,000 
28-31 8,000 -s--w 

092638 40 apprax. 10,000 9,000 
100238 25 12,000 7,000 
102638 28 8,000 7,000 
110138 10 15,000 . 13,000 
120238 31-34 7,000 
010539 

6,300 
--- 4,000 

I 
3,800 

032133 32 11,000 ,4,200 + 
see footnotes at end of table. 
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Date' Temperature' 

con 

Altimeter 
Height 
above 

(ftl 
ground 

(ftl 

041339 
0430398 
048039B 
072739 
081239 
082639. 
101939 
102139 
102739 
'110739 
032040 

,031840 
0323408 

to32540 
' 040340 
, 042640 

043040 
060140 
051940 . 
052540 
052640 

: 052840 
053140 
060440 
061840 
062040 
0625401 
062540B 
062640 

. 083140 
091540 
092240 
09294011 

3092940B 
.102640 

110240 
110440 
110540A 

: 110540B 
:111840 

011141 
. . d.... 

30 approx. 
10 
30 
a2 
50 
60' 
35 
60 

.36 approx. 

.24 
.38' 
34 
35 

s2a 
*a..-- 

30 
-30 
-34 
32 
32 

.60 

.24, 
35-40 approx. 
32 
36 
.28 
30 
33 
.28 
.32-41 
34 
21 
50 
26 
MS... 
'3.7 

.32 
,48 
,331 
34 
31. 

8,000 7,100 
10,000 8,500 

6,500 4,600 
900 900 

6,000 2,500 
10,5GO m---w 
11,5GO 12,000 

4,000 2,000 
6,000 3,000 
7,000 6,200 
4,000 4,000 

~-6,000 5,000 
8,000 5,500 
9,300 7,3OG 

11,000 --s-v 
7,000 6,500 

11,000 10,000 
9,000 9 ( 000 

11,000 6,000 
8,000 7,400 
6,000 4,500 

12,000 11,400 
11,000 9,200 
11,000 5,cmO 
11,000 10,000 

6,000 4,500 
8,000 7,200 
8,000 6,700 
9,000 7,200 

lO.,OOO approx. m-s-- 
11,000 10,600 
18*,000 --w-w 

9 ;ooo 9,000 
,8.,300 --m-e 
6., 000 5,800=-6,000 
6,000 4,500 
?., 000 3,800 
8,000 6,600 
9,000 7,700 
8,000 4,000 

10,000 4,000 

See foottiotes ati, and 'of table.' 
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. 

+ 
Date= 

L I 
' 011641 
t 030-241 
! 031641 

032.3Gl 
032641 
032841 
0370.$1 
040141 
040941A 
040941B 
041041 
041141 
041441 
0415411 
04154lB 
041641 
050141 
051741 
052641 
060441 
0615411 
061541B 
0615410 
061641 
061741 
070341 
070641 
080441 
081041 
081141 
082441 
090141 
091841 
101041 
101541 
112641 
120241 
012742 
020442 
022442 
051142 

T 

. .._. -.-. - - -.--- 

Temperature2 Altimeter 

top) (ft > 

56 
15 
22 
19 
28 
35 
26 . 
32 
28 

2: 
25 
28 
18 
33 
33 
31 
32 
23 
27 
32 
34 
68 
34 
20 
33 
54 
59 
32 
--- 
28 
68 
36 
31 
32 
39 
30-32 
31 
33 
28 
34 

10,000 
12,000 

6,000 
12,000 

7,500 
7,600 
9,000 

10,600 
9,000 

11,000 
8,000 

14,000 
7,700 

12,000 
3,000 
3,500. 
8,000 
7,700 

11,000 
13,000 
11,QOO 
11,000 

1,200 
7,000 

15,000 
10,000 
11,000 

8,000 
13,000 
14,000 
14,000 

7,000 
14,200 

5,000 
13,000 

8,000 
9,500 
9,000 
9,000 
7,000 
6,000 

Height 
above 
gf0und 

(ft) 

3,000 
7,000 
5,000 
5,500 
2,000 
7,500 
9,000 
3,000 
8,800 
6,000 
7,100 

14,000 
6,200 
5,000 
2,750 
3,000 
7,000 
6,600 
6,700 
4,000 

10,000 
9,000 

200 
6,400 

14,000 
9,000 
6,000 
8,000 

11,000 
13,000 

7,000 
7,000 

14,200 
3,700 

13,000 
8,000 
--w-B 
8,000 
8,000 
6,850 
4,000 

See footnotes at end of table. 
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- 

Date1 Temperature? Altimeter 

042042 . 
050642 
110942 1 
120542 
121842 ' 
012343 ' 
020443 
020843 
022643 
03.2743 
040743 
040843 
040943 . 
041543 
0428436 
d42843B 
051543 
060643 
091043 
092543 
101543 
103043 
110243 
121843 
010244 
022244 
022544 
030344 
032144 
040444 
041344 
041444 
042244 
050144 
050544 
050744 
052644 
053144' 
062044 
062144 
062344 
062444 . 

(OF>. (ftl 

28 
32 
40 
30 
30 
32 
31 
38 

3": 
32 
w-s 
34 
85 
35 
32 
36 
76 
31 
32 
35 
32-35 
30 
28 
28 
32 
32 
32 
32 
20 
29 
m-m 
40 
32 
33 
32 
32 
31 
33 
30 

_ ,... _. - 

11,000 7,000 
9,000 8,GOO 
8,000 7,400 

11,500 7,500 
10,000 6,300 

7,000 6,000 
7,500 6,300 
3,500 3,500 
4,000 4,000 

11,000 8,500 
11,000 9,500 

c-a..- ---mm 
6,000 6,000 
5,000 3,600 
5,000 4,500 
5,500 5,000 
9,000 4,000 
6,000 6,000 
9,000 8,200 
6,000 . 5,500 

11) 000 7,500 
8,000 4,000 
6,OGO 5,650 
9,000 6,500 
6,000 6,000 

14,000 13,000 
9,500 9,500 
8,000 5,800 
9,000 6,000 
6,OOC ,.. s;;mo 
8,000 6,500 
4,000 3,300 
8,000 . 5,000 
6,000 6,000 
4,500 4,200 

10,000' $,700 
13,000 5,doo 

9,000 9-, 000 
9,000 6, 0.00 

10,000 .6,000 
13,000 10,500 
J.2,000 5,000 

Height 
above 
ground 

(ft) 

See footnotes at end of table. 
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Height 
above 

Date1 Temperature' Al*fmeter g;r ound 
(OF) et) et) 

062644 '. 33 13,poo 8,500 
070344 - -- 
080544 78 ., 690 0 (an ground) 
081744 40 13,500 13,600 
ogo444 . . 

ss 
2,000 500 

090744 9,500 9,000 
092344 :. 34 16,000 7,000 
101144 48 8 ,000 8,000 
112644.. - . 

I'Code for dates: $irst two figures represent month 
t 01 - Jan,, 02 - Feb,, etc., 12 - Dec.). Second two figures 
represent dsy of month (03 - first day, 10 - tenth day, eta., 
xx - unknown),' Last two figures represent year in 20th ten- 
tury (22 - 1922, 35 - 1935, etc.), When there are two .or,more 
cases on the same day, the gne of earliest time ie designated 
by the letter A, the next in order of time by B, etc. 

aTemperatures were not coarected foi afrspeed, 

3Southern Hemisphere. 
i 

. 
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I 

,APPENDIX fV . ., .~. , . . 
. .; 

FREQUINCY ?.fSTRIBWTI,OlJ ,QB!,?.~~~P~RA~U~~:ON,.TnE OOCASI'OBS 03' 
. 

DISRUPTIVl DISCRAri~ES TCj ,AIRCRA$T FOR THX~PERIOD ,- 
I 

, .’ .1 ..‘C - . 

TYPiperkttir'e 
(OF) 
-5 
10 
15 

. ._. ._. .;.;. 

2% ' . 
33; 

'::'! ia b .'.. ,? : 
.'.' I I. *3' ' : 

Y I :; .,24 < -,, : -" 
25 ;‘ ; .*.- I. ,:. . . 
26.v.. - 
27 
28 ; 

32: 

ii 
33 

NU@Wlr 
of,..caees 

Tempera'ture :Number 
to3 1 df case 

‘3 

. :':3p .I,' 

.' 35.: 
:36.. 

-. :.<: :,; ". 1 .: :.. 
68 
76 

i"z 
85 

Temperature : Number 
(OF) '.' of cases 

-2813% 
30-32 .', 
31-34 . 
32-,36 -. 
32-41 
36-40 : 
30 ‘apppra*. . 
.35 ap#rox.- 
3.6 qproi; . ' 
40 aapprax, 
3.5-10 apprax, U'&fia& . 

-,.(! 

. 
< _.I , :;. 

=1 
1 
1 
1 
1 

. .1 
1 
1 
1 II 
1 
1 

'18 

'When a range is indicated, the report on the case in 
question gave for the temperature not a single figure but the 
specified range within which the temperature must have occurred. 

aOccurred whfle aircraft was on the ground. 

PQdia 8 lerr.peraturss were not corrected for airspeed. 
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- . . . ‘. APPENDIX V . . . 

. 
ESSENTIAL METEOROLOGICAL PEOCESSES 

. I . _ .r .I I 

Certain'meteorolegical prooesses or combinations of pro- 
cesses almost.inv&riablg are required .for ,the development af 
the &loud@, thunderstorms, and precipitation in connection 
with,whioh:electrical discharges to aircraft have been.exper- 
ien&8d.. Generally speakPng, these'processes act in the fpl- 
lowing way: 'Relatively varm, moist air ascends by convection 
or-is caused to be lifted ia'some fashion unt$l at'somevlevel 
condensation 6f'water vapor begins and Cloud6 start %o form; 
the saturated-afr then either'.undergoes convection or other- 
wise'is lifted (as a cloud) to or above the-level at, which 
freezing of liquid water'occurs and ice crystals, snow, and 
60 forth, form.' Ultimately, therefore; the end result 1s.a 
cloud consisting of liquid-water droplets in its lower por- 
tion.and ice crystals, snow; or some'other form of frozen 
precipitation in fts upper portion. 

A comprehension of'the processes" of atmospheric cqnvec- 
tion and lifting are essential to a full understanding of 
this,study. (See apiendfjc I.)' 

Ffrst, in regard to convedtion; Convection depends on 
the buoyancy of parcel6 of air which ascend'because they are 
warmer, hence less dense (i.e., lllighterll); than the surround- 
ing air, which sfnks because of it6 greater density. Convec- 
tion ie therefore an overturning process in atmospheric lay- 
era. Convection occur6 when'air layer6 are unstable, that is, 
have a greater than dry-adiabafic.lapse rate under unsaturated 
conditions, and a greater than wet-adiabatic (or pseudoadfa; 
batic) lapse rate under saturated conditions.:~(lapse rife’is 
the rate of decrease of temperature with height: The dry- 
adiabatic lapse rate i's 0.55O F per 100 ft, and the-wet-adfa- 
batic lapse rate averages roughly 0.33’ F per 100 ft .) Air 
layers may be caused to become Unstable for unsaturated con- 
ditions by any of the'processes indicated in the outline below 
under item6 I, II, and III. Air layers may be caused to be- 
come unstable for saturated'conditions by'any or all of the 
processes indicated in the outlfne below. 'Cbnveeticn of'$ar- 
eels of air unsaturated with water vapor causes cooling of the 
air bv adiabatic expansion. lhen the convection proceed6 to 
such a height thif the air is cooled to the dew point of the 
vapor, condensation occurs and cloud6 are proddoed. Convec- 
tion of saturated air is essential for the formation af cumu- 
liform clouds. These cloud6 are not of the cumulo-nimbus 
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6ubclasa until ice crystals 'or sn.ow are formed at their tope. 
Falling of the crystals or snow through the liquid water 
cloud below produces rain in showers. 

Second, in regard to lifting: Lifting depend6 on the 
forcible ascent of layers of air more or lea6 as a body 
throughthe wedge action of frants, .mountain-.elopes, and so 
corth, or- through the sequeezing" action.of horizontal con- 
verge,nce. The various more im-portant modes of li,fting found 
by meteorological science. are outli,ned below under items IV, 
VI, and VII. Sufficient lifting of, unsaturated air may.lead 
to condensation of water vapor and.cloud formation by adia- 
batic cooling as explained under Convection. Unhindered 
,lifting and horizontal conve.rgence cause vertical stretching 
,of air layers. Whe-n the layer6 are unsaturated and abso- 
lutely. stable (i.e., have a lapse rate less',than the wet- 
adiabatic, thus being 6tabl.e for saturated air), the vertical 
stre.t'ching'cools the top factor than th.e bottom by adiabatic 
expansion., therebg increa6ing the. laps,e rate, In thi.6 manner 
it is possible to achfeve conditional instability (i.e., a 
state where the actual lapse rat'e exceed6 the wBt-adiabatic 
value, but is less than the dry-adiabatic value). A condi- 
tionally. unstable layer 1.6 unstable when the air becomes 
6aturated. Overturning by conveotion' of ,satu'ratsd.air within 
the layer, and the development. of cumuliform.clouds can re- 
sult under these circumstances. The sufficiently sustained 
action o.f liftfng.and horizontal convergence on a!r layers 

,tbat are convectively unstable and aleo initially absolutely 
stable can bring the layer6 to a state of conditional insta- 
bility with satur.atibn prevailing in their lower portion. 
,This final situation ie actually unstable and leads to over- 
turning, convection currents, and cumuliform clouds. On the 
other hand, when cloud6 formFin ab6OlUtely atable air, they 
tend to lie in layer6 (strat.iform) and are not 60,likely to 
yield an, electrical discharge to an aircraft. .(An exception 
might occur when condensation is in the form of snow, and 
turbulence exi-sts by passage over rough terrain.) : 

In every case convection and lifting depend. on the ac- 
tion of certain processes upon afr ma6ae6 of suitable charac- 
teristics, described in section lOi (By "air ma66" is meant 
an extensive body of air within.which the conditions of tem- 
perature-and moisture in a horfzontal'plane are essentially 
uniform.) 

The processcs'which produce.fnstabii1ty and hence load 
to the.convectivd activity necessary for cumuliform.cloud 
and,. thunderstorm development are,outlined under fteatlng of.- 
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an Air Hass from Below, each process being capable of giving 
rise, more or less, to its own type of thunderstorm. 

In practically every variety of thunderstorm an impor- 
tant phenomenon connected wfth propagation of the storm is 
cooling of the air by cold rain or other precipitation that 
falls from high levels into the regfon below the leading por- 
tion of the cumulo-nimbus cloud base. The cooling effect re- 
sults largely from evaporation of the cold rain in the unsat- 
urated air beneath the forward part of the cloud. The cool- 
ing causes the air to increase markedly in density, which 
produces rapid sinkfng. When the resultant cold air reaches 
the ground it runs ahead of the cloud, advancing against the 
warmer, moist air in the direction of the storm motion like 
a miniature cold front. (See IV, 1, below.) This front ex- 
erts a lifting action analogous to that of a shovel, thereby 
-producing further convection and condensation in the line of 
advance of the storm, and aiding $n its propagation. 

I. HEATING OF AN AIR MASS FROM BELOY 

1. By contact with sun-warmed ground, where the afr mass is 
characteristically warm and moist, but the ground lo- 
cally hotter because of its excellent absorptive qual- 
ities for solar radiation 

(This is responsible for the "local convectives or 
"heatt' type of thunderstorm, which is very common in the 
summer. Storms of thl6 kind occur more or less in isolated 
fashion and can readily be circumnavigated. Light winds are 
more conducive than moderate or strong wfnds to thfs type of 
thunderstorm, since excessive ehearing fn the vertical ham- 
pers "chimney-like" vertical convection, which is essential 
for the development of these thunderstorms. The same is true 
of thunderstorms of the type outlined In the next paragraph.) 

2. By contact with a surface warmer than tde- air mass which 
is characteristically cold relative to the surface, 
generally being of polar origin 

(This is usually responsible for thunderstorm6 in cold 
air mas6es rapidly invading a considerably warmer, often 
moist region.) 
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II. COOLING AT TOP OF AH AIR LAYER 
. 

1. By outgoing radiation from the'top of a deep, moist layer 
of air overlain by a deep, relatively dry layer, the 
latter allowing radiation to pass readily to space 

(This is a possible cau6e of nighttime thunderstorms 
sometimee observed.at high levels over the Plain6 atatee. 
The top of a cloud 1ayer:is.a good radiator and loses consid- 
erable heat when dry air isabove. The moist air mass mu6t 

.generally be at least 10,000 to 12,000 feet deep for thundar- 
storms t0.devel.q in thi6 -manner.) 

2..By evaporation of rain or melting and evaporation of snow 
.falling into the top of an unsaturated layerml 

(This has a bearing on the.propagation of prefrontal 
thunderstorms, on the growth of various types of thunder- 
etorma, in addition to cumulo-nimbus and fracto-cumulus 
clouds, and also on the development of tornadoes. The evap- 
oration at the top of the layer causes cooling which steepens 
the lapse rate to a point where instability reeults. Convec- 
tion then occurs. Uhen exceedingly eteep lapse rates are 

.' thus formed, convection becomes extremely vigorous and torna- 
doe6 may be cre'ted.' 
in these cases. ,,f 

Convective instability is R prerequisite 
,. 

III. ADVECTIOB OF WARMER AIR IH LOWER PORTION AXD/OR COLDBR 

AtR IN UPPER PORTION 0s-A LAYER. : 
, ,:” 

., * 

1. By advection oroverrunning of potentially cold air over 
potentially'warmer.air 

lThis occur6 tlo a certain extent at rapidly advanc- 
ing cold fronts, also calle'd squall li nes. Such actual 
overrunning probably does ndt extend beyond five miles or 

, 80, in the form of ap overhanging wedge of potentially 
cold air which entraps'.potent:ially warmer air beneath. , Overrunning may also.occ.ur for a brief time in leeward val- 
leya containing stagnant w&m air, when a cold front under 
the impetus of a steeg.preseure gradient arrives at the 
crest of the ridge.and a,bruptlg bursts out over the valley. 
Violent and dangerous thunderstorms and convection currents 
result from overrunning. The foregoing degicta some extreme 
forms of overrunning of potentially colder air over poten- 
tially warmer air. Leas extreme casea are obeerved more 
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commonly as a result of advection of a stratum af air under 
ctrcumstancessuch that- differential changes occur in khe 
vtrtual potential -temperature of.the lower and upper portions 
of the air, usually with coeling aloft and/or warming below, 
leadfng evenfua1l.y to the -development of a conditioh'un6.table 
for unsaturated air. At least two writers on the subject 
have 6hOWn that such advect1v.e thanges'may explain the'incep- 
tion,of nocturnal thundsratorms In the midwostern states, 
(See references 18 and 19.) It is probable that sometimes 
the advective changes represent the Intercalation of TO- 
tentially kooler and/or warmer strata of air betveen other 
strata by flow whfch may be charact-erized more or less as 
isentropic. The advection a,f-humid air in the lower portion 
and dryer air in the upper portion of the advancing stratum 
also tends toward the development of an unstable condition. 
Such modiffcations may ala0 give rise to odnvective in6tabik 
ffY, so that lifting of the air mass by any pr0ces.s (e.g., by 
action of fronts, topogra hit slopes or horizontal convergence 
in the underlying 'I; stratum may-r.elease the instability. The 
occurrence of horizontal convergence in an unsaturatsd stable 
advective layer augments the.lapse rate and prepares the way 
f'or'eventual development of instability for unsaturated air 
within that 1ayer.Q the differential changes outlined above. 

In the neighborhood of mountains or plateaus, marked 
upper-a-lr temperature changes .may result from advection fol- 
lowfng insolational heating or radfatio'nal cooling of the air 

. In contact with the'hfgh ground* and the liberation of latent 
.heat of 'condensation possibfg due to orGgraphic, Iffting, The 

insolational heating result6 in steep lapse rates and.strong 
convectional activity which may be transported to: leeward by 
the'winds.) ('See reference 18,) ' 

- 
2. By.-abvection or underrunning of potentially ivarm afr be: 

neath potentially colder air 

(This is probably effectiqe in conne.ct'fon with th'e de- 
velopment of prefrdntal and some other type thunderstorms. 
(See V.) Tt can operate if in some manner the lower air is. 
caused to become potentially warmer than the'up@er air fmm'eV 
diately to the windward. The latter result can be brought 
about by release of latent heat of condensatlon'wit,hin satu- 
rated convection currents indtiated at-low levels or bg other 
means of heattng below as illustrated under -I, Und.errunning 
or shearing of the lower afr beneath the potentially colder 
air ahead can take place as a resul-t of. the con.vergence and 
oth.er effects stemming 'from .the, apr,upt intruision of a rapid& 
mdvihg c4d front into B warm air ma,ss. . . 
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The ahearing process is perhaps moet likely to occur in 
warm afr mas8es or warm sectors of cyclone8 ahead of 6UCh 
fronts. The underrunning is believed to be most effective 
for prcrducing eventual instability aloft when: (a) a body 
of warm air flows from a warm toward a Colder region 80 far * 
as concerns the temperatures at the levels occupied by the' ' " 
given air, provided the lower boundary of the ma68 fs not in 
contact with the ground; (b) a cyclonic curvature 3.6 fmparted 
to the motion of the warm air as the cold front moves closer 
to the course being pursued by that air; and (c) the horizon- 
tal temperature gradient (in the metecrological.sense, f.e.i 
from high to low temperature) Immediately above the upper 
p.prtion of the warm air mesa has approximately the same di- 
rection a8 the motion of that mesa in the region where It 
experiences the stated curvature - that is, the warm air 
moves so that its upper reachee progress from warmer toward 
colder condftiona aloft. The cyclonic curvature results from 
the convergence and the change in curl'of.the local pressure 
field which occur in connection with the portion of the 
trough immediately ahead of the advancing cold front. Thue, 
prefrontal currente may be caused to become unstable aloft at 
possibly 8,000.to 12,000 feet elevation as i8 often manifeeted 
by the development of alto-cumulus-castellatus clouds. These 
generally result from convection not orfginating at the sur- 
face. The liberation of latent heat of condensation makes 
the cloud level warmer than the overlying air in the active 
stage of cloud development so that the lapse rate may be made 
steeper a6 the underrunning progresses more or less along the 
upper tem-perature gradient. 

NOTE : In this discussfon it should be understood that 
the pzy thermodynamic criterion of inetability of unsatu- 
rated air ie the decrease of virtual potential temperature 
with altitude.) 

IV. FRONTAL LIFTING OF A RELATIVELY WARM, MOIST AIR MASS 

1. By cold-front action 

(This depends on the lifting action of a wedge of rel.s- 
tively cold, dense air when in moving along the Rurfaca' it 
thrusts under a Warmer, 
out beneath the latter, 

lighter air maea and tends to spread 
thue rafeing it off the surface. 

Rapidly moving co-ld. fronte.ar.0 equivalent to squall lines, 
with which lfne-squall thunderstorms are .a&socia-ted. Cold- 
front thunderstorms can be very intense, especially when the 
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warm air mass is very mcist and conditionally unstable. 
Steep cold fronts which result from rapid motion of the cold 
air mass over rough ground are likely to yield vialent thun- 
derstorms and cumulo-nimbus clouds with powerful convective 
current’8 over a relatively narrow zone. When the cold-front 
surface of discontinuity slopes only gradually upward, the 
thunderstorms and clouds may be, spread out over a wide zone. 
The moisture content, condensation level, and degree, extent, 
and character of instability in the warm air mass are con- 
trolling factors in regard to the'vertical development of the 
clouds and width of the zone involved, Item I, 2 is also 
fmportant in connectfon with this matter, when penetrative 
convection from beneath,the coldcfront surface of discontin- 
uity occurs.,) 

2. By warm-front action. 

(This is eff ective when a relatively warm, moist air 
mass which is conditionally unstable or is convectively un- 
stab18 and becomes conditionally unstable by lifting, actively 
flows up the slope of a warm-front surface - that is, the 
surface of discontinuity between an underlying wedge of cold, 
dense air and warmer, lighter air aloft that is pursuing and 
overtaking the former. Cumulo-nimbus clouds and thunderstorms 
produced by this mechanism can be spread out over a wide zone.) 

3. By occluded- or upper-front actton 

(When a cold front at the leading edge of an advancing 
wedge of cold air overtakes a warm front ahead of which is 
another wedge of cold air sloping in the other direction, the 
denser (colder) of the two begins to lift the other upward. 
The warm air previously between th8 surface fronts is lifted 
off the ground and is entrapped in a trough between the two 
wedges. An upper front, either of the cold-front or warm- 
front type is produced in this way, giving rise to the warm- 
front or cold-front type of occlusion. An upper front may 
thus move along the sloping surface of the denser wedge, or 
along a horizon.tal upper boundary of a shallow underlying 
cold, dense mass of palar air. The 'latter variety of upper 
front is not infrequently observed over the eastern slopes 
of the Rockies and adjoining plains region when the less-cold 
air crosses from the Pacific side and overrides the shallow, 
dense layer which came from the -north or northeast. Upper 
cold-front action is essentially similar tc 'surface cold- 
front action. High.-level cumuliform clouds and thunderstorms 
often derive their energy from the release of conditional in- 
stability pOSS0688d by the warm air mass being lifted in the 
occlusion trough aloft, Tornadoes commonly develop along an 
upper-cold front advancing against a convectively unstable,warm, 
moist air mass aloft,, moving relative to the oclder air so that 
intso8e cvclonic vorticity 18 generated between them.) . 

. *. 
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4. By ll.ftfng actioraloxig ei stationary (or quasl-stat1,-dnary> 
fr ant . I 

(%ven if the front 0f.a cold, dense af'i-mass uiedg!e is 
utatianary or apparently stationary, liftlng,o,f a warm, mo.ist, 
air mass can take'place so long as the latter has-such'ab 
motion relatf.ve to the'fro'df that i’t, wi.11 ascend tki& frontal 

When ;the wa.rm afr 'maas is ohr;rAoteri'sed slope of the wedge.' 
by instabilitg'during .the ascent and' cond.ensdt:foln o’dchrs,. ,_’ 
cumuliform clouds end poes~ibly thuiderstorme'ma,y develop. 
These may cover a wide area and persist for' g'ome %ime as' lone; 
as a eupply of war&, moist air is forced to glide up the 
slope.) ,. 

V. PREFRONTAL BR PR3COLED~FRONT ACTIOF ".' ,'; ,, ' 

(Prefrontal thunderstorms may. run ahead of t'h,e' s&pace. 
cold front in the, warm sector by d'istance.6 sometl,me,.s ,r.a.ng%.ng 
from several miles up to 60 miles or, p,erhaps; a"s'muph as:- ’ , 
200 mllee. Prefrontal thundorstorma may 'ocduf: at 211 hours 
of the day or nfght'but appear to be most'frequetit in'the 
late afternoon or early evening, when sharpaning,and.,a,cce,~v 
eration of the cold front is pronouncod. They' aljp'arsntly * '- 
are due to a combination of cauaes# 
vergence (see VII>, 

not,ably horixont.al. ,cop, 
up6errrnning of:potept.fallySwarm air bar.;" .' 

neath potentially aolder- air (see 1;:. 2),,evapor-atio+.of 
rain falling into toplo'f d'h unsatur+te'd.laypr (3.ee;f:I, 21,: . . '. 
and heating of an air'mase below by pontact with eun-wkrmqd.:, , 

: 

ground. (See I, 1.1 Lifttng'an'd iilcreised cond2t'ionnl in- 
. 

atabillty due to convergence sets. off c'onden~satian '&h pro-. 
duces strongly convective cumulo-p1mbus oloud's. ahead of thp, 
cold front in the cohd1tionally ixnstabli; wartn,,.moi,s>' air, 
mass against which the cold front 1s.rap.ici1.y adv'a$cfng. 'ke '* 
oxplsined in III, 2;'underriin'ning $s nn important contrfbuti 
lng factor since it leads,to continuous generatiog.oP.fnzta- 
bility at the top of the saturated oonvectidn'current as ft. 
is carried horizontally by the'$inde.&t 
agates the convection to high leve'ls: 

lqwer,lglieZs!an~,prop- 
-Aftq~"tne.p~ecipit~tfori 

from the cumulo-nimbus clouda'becomes heavp, the-eir coole4 by. 
evaporation sinks because of f;Dareased"densfiy and.ryis.ahgad 
along the surface as li precurooiy'coid"9ront~~. This exerts its 
owri lifting aatioa Rnd. oa~~$nJ:tiate.ot'hei; $umuliform $louds 
or augment the convective activ!,ty of't'hie existing clouds,~ *I s 
Such local convectfdn as ts'preserjt in"%he &arm,'ai& mass a?- 
siate in the growth of the cumufoLnfmbris"'cioudsia~a t'hyrlder~ ' 
storms by contributing energy arid' allowizigadditi'orial wat'e'r '. - 
vapor to be tapped from the Sotier'stratai "I!f Y~~,~~~gh$r 'tiifr ' 

"Condftfonal. instabiiity. 
"The cooling is especially pronvnced and frontal action 

more energetic and extensive ff the afr is convectively unstable. 
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is very dry, radiational.cooling at the top of the saturated 
cumiliform clouds can create fresh instability at night and 
give an added impetus which loads to further vertical growth 
rather than dissipation of the clouds. 

ir line of thunderstorms may thus be brought into being 
far in advance of the surface cold front. The attendant 
rain showers, originating near the freezing level, are often 
particularly heavy and descend in "gushes" when the sustain- 
ing convective currents and electrical forces fail. As the 
cold rain falls out of the cloud, evaporative cooling at the 
top of the lower stratum of unsaturated air fncreases the 
lapse rate and with it the instability. Convection is there- 
by Intensified. The great .contrasts between the resultant 
updrafts and downdrafts create regions of violent turbulence 
which are very haeardous to aircraft. Where the downdrafts 
strike the surface very gusty winds accompanied by heavy 
showers are experienced, in the characteristic fashion of 
line squalls. Sometimes hail and occasionally tornadoes oc- 
cur fn conJunction with prefrontal thunderstorms. The most 
dangerous conditions may therefore be encountered under the 
stated oircumstances. See IV, 3, regarding tornadoes.) 

VI. OBOGRAPHIC LIFTING 

(This is due to the lifting action of upward-sloping 
terrain, as mountains, hills, and coastal slopes. Orographic 
lifting therefore is only largely effectfve on the windward 
side of a barrier. When the wind velocity component perpen- 
dicular to the mountain ridge is strongest, the most severe 
conditions are likely to develop, other things being equal. 
Cumuliform clouds and thunderstorms readily form when the 
air mass being lffted is warm, moist, and conditfonally un- 
stable. They may also develop when the air mass is convec- 
tdvely unstable and the lifting is sufficient to release the 
instability. When cold-front action and orographic lifting 
operate simultaneously, the thunderstorms produced are likely 
to be of greater intensity than if either agency alone had 
acted. Gumulo-nimbus clouds which originate orographically 
are usually characterited by strong turbulence. Windward 
slopes 8XpO8ed to strong sunshine and thereby warmed are con- 
ducive to the growth of such clouds by virtue of a chimney- 
convection effect. Heavy icing conditions are often exper- 
ienced in the sub-freezing temperature region of cumulo-nimbus 
and other clouds, especfally where turbulence is strong as in 
the circumstances described above. Powerful downdrafts on the 
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188'wa:rd' side ‘of ',rno&4*tafn.s. o:ftep 'intrdd.uce' .~addit~ional haeards 
t 0 be ~'a~&~~<~<. )', : * f ' : .?';. a ., . : 
.: ._I -c I. 'i . _ i ._ _ i ' '. :,. ..-9, f‘*-: ~' : :. _ . 1 - >.I < ;. : . + c-, : . ., ,- .-- 

. 

' :' .I ..,. ,. VII. RORIZ~l~TAL ,CoKv~Ra~Hx.3 -. 'ti ". . . , .- - . ._ . , ._ ., a-..,"; .',, :,;,, " ".' - L 
. . -... ,(Th.f$ be 'hu& ‘t,i, a~'d~~s,t+$bution .of winds: within a given 

region. 's'uch:: 5hat;-' ther'e i.p,' a. net '.inflow o'f air. intb it. When 
thelfnflow i.8 ne&':the sa~face,~this.cauaea vertical lifting 
of,the sulijerpo$ed air layer,.,' The latter layer.suffers a var- 
tfcal stretch:by,;this upyard m~tiori if higher layers do not 
ptiefent':that b~,exc~~~siuc,rga~its~ce; and,partake,of.the EO- 
tiori: 'Air ~J~ers..~ncr~Ag~,~~elr lapse rate bp.vertical 
stretching]~hhn,the -lapoe.rate.is initia3.ly~less than the dry . . 
adiabatic': ,,CJdtiit3~gti.nti~.y; absol.ut.81y. stable air layers may be- 
cor50, c’o’ri~l.ti:i>qa’l~y:..urr8~a~le ‘.d$ thi? :proceas,- -or already~.con- 
ditional3y'iins.table ,layers may .be Eta,de more. unstabl'e thereby. 
A 'i,fmil'&r 'effect. .,i"s .~rod,uced wi.th+n -lay,erS- $hQ1i358~Ve 8 + Sub- * 
5ecte.d .to,,h,orie,o,ntal' .do,,nq.&~r~e~ce. . y,he adlabatic..cooling which 
vertical-'e'tre~c~ii~' indupcs at. tho fop. of .a.-layer.undergoing 
converge'nce or 'bei'ng i'i'Pt~d'al~o-r8:~u'lts 'i'n condensation of 
water vapor and cloud formation. A convectively unstable 
layer which is verti~,~~,lg:~str:etch~.d.~or lifted by horizontal 
convergence may be im~eSled't~o'~relsase :ts potential conveo- w 
tive energy through overturning, provided the stretching or 
lifting- is- sufficioqp. H?E~tonta?.,convergsnce.tha:refoye is a 
Dotent: ;fact'or" "fo.r"'6lohi,f'$ih.g 'the. c'3ndif;i'on.'of atmospheric* lay-' 
e'rb soY%h'gt ttie'y rna’~,,>ep6$e,: rn~o'r~e,~ raarab'ly' &is.pose.d...to inter-' 
nal contec'fi'on'and the -divelopme,nf of'ciimuliform clouda anO : 
thunder's% orih~.~. ,Hb%i'dli'hi 4Oi~9rg8n~8;.Wh8th8r. OF not &ctdne 
in coo~erafion~Cith~~~y~~~~~~~e~~~h~~~at~osp~c~~c.~~~ocesse~ 
pr8viQuBly~'meBti.b'~ed'~ :~~~"~apa~~~~~~~~prbduc~~~g~~c~tiulifor~~~~louds 
and th~~d~rafeE~a,ih'aii'.~~~.~~~~ then' the .co~pm~tlon t&es’ 
place; the likeli'hood!cr qhynd~rbtQ~m.for~~tiom ls.greatly in- 
crea8eda)- '-. 2i'e-. 7~~b~'~;' :, . . .: '! .. .; .. .: L . . _ . ., _ . .. ., - 4, : 

.,'I . 

.,_, :.'., . ,._ .s::mt.-a,:. 
.., .-: -., . . ., ,~ . ; -- *' > _..:. :- 

'. : :.., . . I . ,-- e. ADDITICS1~AL '#IY$tiA&tiNTAL ;C!~.&~E&iO,rJG. ..,: ',, - 
: :.: : ,'. . . 

: .---.. .c ..: : ,_ ;. .' . - _ : 
. ,. 

. 
.“C7. _.‘_ 

A; disc:8810 n ‘..of 
. , ,. 

t’h’ei 6 E B’en’t.l,al DE< e.d~*..oJ.,o g+.c,al .pr o c,.. e 8.0 s 
inv’olved In *Ii:+ ~dev'el~opmqpt' ,o,,f' t~~a~8,~,st~orm,s~.~o~1d not 40 . .J 
complete Without at' 18-aa'Sf.-~,,pUal~tat.iV8 ,co.nei.deration oY."aome 
dedudt ions f&-&n t'h%or'ylF~~ rqg@,ri&$ng, the thsrmodynemics :,n% dy'-- 
namics 'of, cu'in'irlo~~n'im~,~~p:.,pr~~~d,s.:.-. ~?p;~~u&litatiyo oonsixler&- 
ti"on follQ,ws'.: * . . '. , ', :- _,' ;; ..,.. ' . . . . ';. .- ,, .. * : 

'Based largely on the studies outlined in the author's 
paper (reference 201, to which are added some conclusi.ons 
from his succeeding inveetigations. 
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VIII. EVAPOBATfVE.kND BADIATIVI PROCESSES 

(First, consider certain phenomena involved in the ver- 
tical d0velOpment Of CumUlUE and cumulo-nimbus ClOUdB, espe- 
cially at and near their upper and Bide exterior surfaces. 

The immediate environment of an actively growing cumuli- 
form cloud must be conditionally unetable. During the grow- 
ing stage of a column of saturated air undergoing penetrative 
convection, such as is found ia*a uumulus-congestus cloud, 
latent heat of condensation is liberated within the ascending 
air as water vapor condenses to form Water droplets. JllBt 
within the summit of such an actively rfBtng column, which 
usually aasumee a cauliflower-like.shape, the heat thus re- 
leased cause8 the Baturated air to be warmer than the overly- 
ing air. Horeover, the air within the upper portion of the 
cloud dome contains relatively warm cloud droplets and has a 
greater absolute vapor content per unit volume than the un- 
saturated environment. Accordingly, vapor diffuses and iB 

transported by turbulent eddies from the head and Bides of 
the ascending column into the surrounding, less-moist air. 
Since this reduces the relative humidity in the spaces imme- 
diately surrounding the cloud particles, the water droplets 
evaporate to Borne extent near the-outer surface of the con- 
vective column, This process requires latent heat of evapo- 
ration (nearly 600 calories per gram at O" 01, which is ab- 
sorbed from the droplets and the air in intimate contact with 
them. The evaporation can proceed until the immediate envi- 
ronment of the column becomes saturated with water vapor, a 
state which serves to limit the phenomenon. 

From the above considerations, it follows that in the 
absence of direct solar heating the outermost "skin" of sat- 
urated air at the crest and often, too, around the side walls 
of the ascending current becomes cooled. Important factors 
controlling the mechanism are the differences between the 
equivalent potential temperatures and absolute humidities at 
the cloud surface and ifs immediate environment. The steeper 
the outward directed gradients of these elements the more 
rapidly does the cooling occur and the greater its degree. 
The process thus steepens the temperature gradient between 
the above-mentioned skin of the cloud and the saturated air 
immediately within. At the crest of the cloud this signifies 
a local steepening of the lapse rete which may eventually 
lead to the development of instability for Baturated air. In 
consequence Of this, small convection currents force their 
way upward through the top surface of the cloud and penetrate 
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pOsBiblg a short distance into.'the overlying unsaturated air. 
These droplet-laden current8, which are probably wisp-like, 

-moistqn.the superposed air, .It,,t.berefore cools to come ex- 
tent as.a'r?sult'.df.~vaporat~ljn pf :tbe water particles. ':. . I,. , . ,. r. 

The coolair forming the'('shadeh) outer sheath of cloud 
and the air ~mmedi~t'ely ,above-the clo,ud crest which is cooled 
by the evaporat1ve'Qrobes.s juet .o)rtlined tend to e3nk relative 
t.o any warme?, 'l'e6s-de' 
le,vels by .co,nv'e'%tion. 

nse::p.arc,e;ls' of air, 'ffbrced t.o th.e same 
. .In thi.s .m.&nner .a ,des'cend'ing current, may 

be .produced'$n t-he -‘odter sheath of 'c.loud 'wh*en. ,the surface .is 
not expqsed .t'o. the.‘ditect rays .of:the ..sizn'..: So long as the air 
in th.e ~deacendin6 durr:eint.'i8 colder than -ite environment, it 

.buoys up and displaces warmer-.air.pr&eept both'at ite.level 
and, aloft'. Involved in this:proces@ .ig the:well-known ,!'chim- 
ney effeot:"' l33f’. virtue of this, the greater the,vertfcal.ex- 
tent of the'.cloud,'mass aad,,the,.great.er the difference.5.n mean 
density .between the'colum, of,. warm air in the generally as- 
cendlng core .'of the“olaad .aad:,%t:he column of' choler air.1.n the 
generally descending' region ,of,,,t:he. o;loud @ii). then: the 
greater the resu:ltiiig -verfti,ca.l, ve.l.oc,iti~s and transports both 
up and 'down. " .-: : . :... ; - .I '. ..: 1. 

I ! - .., . . . . ' ,. . . ,. 
.,+mong the faa;t'ore.controir;j-ng'.t~ese ,effect.s is.the re- 

ciproc,al action of dig$laoemgnt ,.wtiicl)~con!i6ctB the behavior 
of .p+ralle&; hdj~ceint~;-opposi~t~1~~.'moiing verti'oal currents. 
Thus, an,ascending'ourrent .Qrpduced-by pIiysI~P1 causes in one 
column may:promotei 'by df-splacement,:a,desbending:current in 
an adjoining c6l'timh, '!and:.v-ic,e., p&.sa; The extent and velocity 
of any current created .zLn .th,is,manneF.depe~ds on the net vol- 
ume of air eimultaneously flowing per unit-time in,.the oppo- 
site direction nearby ,t,hroSugh,the .v.erious levels, taking ac- 
count o.f modific'ations due,to.fr.ioti',onal effects, turbulence, 
and e.lete,ral e'x'change of .mo-ment-urn around b'oundaries of the 
current,?. ' * . . .', .' ..,: ..,, .. ., . 

%.h,e' . . 
.* . ! .' ' : : '- . ., . -' 

*. Conse,quexitly, a swfhtly .moving"e&tensive usdraft in the 
.core of a thdn4~rstbrm~airgulatiod cell mai have as.8 concom- 
.itapt gnia$proximately 'sim.ilsr~ia.t.egyited v'olumetric transport 
.ia: t$e oQpo6ite"direction m@nifeefed.by descending currents in 
the s.heath' o'f the ol'oud-and., aub8id:e.nc.e. in the environment 
th,er'e-of . 
ar.e putqal 

T'he' i,nverse' Ls like,wi'se: pos,eible;., 8'0 the two actions 
and i’h-&para.Me .* Hence:; marked. subsidence in aome 

~~016 .within or,~n'ear :.thel cl+oud, r~&$ i.nt'ensi'fy the upward ‘convec- 
't.i.ori' wit'hi'n .th'ei '.cor'e',f Iwhi-le! *sBr.ong qpd&'f't-e in one, area may 
influence 'stro~g".do.wridreft,B.e1:$~yh~erB ,in the ,nefghborho.od. ,. _ -I *, . . . 

With the more towz;in& 'cumulua"a& 
* 

cu&loLnimbus clouds 
therefore, the more marked can become the contrast in verticil 

. 
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velocities between the two adjacent.strgams of air moving in 
opposite directions. Thus may ari5e.a steep horisontal'gra- 
dient of vertical velocity in the.transition sone between the 
5heath and central core of the cloud circulation system. In 
this zone, rapid fluctuations, of considerable magnitude in 
both vertical and horicontal accelerations, and severe,turbu- 
lence, are to be expected. Accordingly, the air in and near 
this sane, being generally laden with ice and water partitiles, 
often participates in processes leading to an intensive gen- 
eration and separation of electrical charges; with resultant 
formation of steep potential gradients and attendant likeli- 
hood of development of disruptive discharges. 

An important consequence of the'processes described is 
that an important share of the driving mechanism of the ver- 
tical circulation system of the growing cumul3form cloud 
,stems from the buoyance imparted to the warmer air 'fn the 
core by the cooler air which sinks in the sheath of the'cloud. 
It may be remarked that this permits the continuation of a 
circulation after the supply of warm, convective bodies of 
air from the underlying atmosphere has been cut off. Added 
in great measure to the foregoing source of motive power is 
the latent energy liberated by condensatipn, freezing, and 
sublimation within the cloud, as well as the energy derived 
from any buoyant parcels of air entering its base from below. 
Hot to be forgotten, of course, is the reservoir of potential 
energy resident in the environment, which yields up some of 
its store by subsidence. 

In studying the factors which control the evapor,ative- 
cooling process discussed above, it is necessary to consider 
ventilation. This is determined by the steepness of t,he gra- 
dient of air velocity measured between the surface of the 
cloud and the adjacent unsaturated air - that is, a marked 
reletivs velocity in a short distance between the cloud par- 
ticles in the surface and the contiguous *clear air represents 
a situation favoring evaporation. 

Thus, other condition'6 remaining equal, and excluding 
areas where condensation predominates, the portion of the 
surface of the cloud which receives the mq5t ventilation 
tends to yield the most evaporation, greatest cooling, and 
most rapidly desceqding ,curren,is. Consid'er, for example, the 

'variations in rate of evapor'ation at the crest and along the 
walls of a towering cumuliform"cloud associated' with an en- 
vironment wherein the wind velocity varies with altitude. 

.Thus, when the wind velocity increase6 with height, it is to 
be expected that the upper, tiindward portson of th’e cloud is 
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affected by a greater rate of ventilation than the upper, lee- 
wqrd portion. The reverse is to be expected when the wind ve- 
locity decreases with height. These factors’are conducive to 
the .development of a differential in the vertical velocities 
manifeeted on the windward snd leeward sides of the cloud, 
thus influencing its cellular structure. Moreover, 8 steep 
vertio&l gr.adient. of -wind velocity near the dre.et of the cloud, 
especially whe,n-aeeociated with a.steep lapse Irate, materially 
influences the rate .of evaporative cooling at the crest andthe 
degree of.turbulence and eddy motion generated in' its vicinity. 

An.other phenomenon ok importance in connection with the 
development of aloud5 hinges on the fact that water droplets 
have an emissivity”whi~ch- i'e"Lmuch greater than that of rela- 
tively dry air. Hence, the top and the upper, exterior sides 
of a oaulif%ower-ahap6d cloud may’lose considerable heat by 
radiation when the air which the cloud exterior H.seesn is dry 
and colder; provided.inciddnf ,eolar radiation is weak or ab- 
sent. This process also int’ensifies the cooling at the outer 
portion of, the.cloud and enhances the cooling by evaporation 
previously discussed.: It is .esp&‘cially effectiie at night. -. . 

‘Ph.0 c,ooling.at the shaded top.‘of the Cloud jo'intly by ra- 
diation and evaporat.iop’-may lead to-‘creat.ion of instability in 
the upper shegtb.of ~clotid'. C,o*nve'ction 'current5 result within 
thi.5 layer as, e,xplsiped in the third'p'aragraph of this section 
(pII 1 . . ..~'o.+Wr ) :b-y-: Vi.rtae:- of th’e’ c'bbling. a thin inversion 
which hampers convection tend,6 to’form ‘immediately above the 
cloud. But, sinking of the cool air of this inversion by grav- 

.,' . ity and".tGe,.eQs~p~ng..:action.;of adveative"&irrepte across the 
~10$4~,t~p.;,&$.i; rbecauee.Ldf turbulence: and”granslational motion, 
rende~“:~.~q,,iqv,~rs~op,.n~gligibls; ?A5 favdred”points, then, 

. pe@e,tjZfa,teiy.e, Icany,ee~$ion .from the ‘underI’yi!ng .uistable cloud sheath 
may ~!$d’r.q.e. .i’t.e ,wny itkrro.ugh --.the ‘slLig]i% ‘*fnvers fon Sayer, and per- 
mit oOnti,n.ue$upwa.rd propagation of the clbud, if convective and 
con'dCt,.ion,&l .in.sta:b4ili%y .p’$e.vail ,aloft, In addition, if the 

“co.dlin’g i 6. both ext,ans.Lae: ,‘and. ,cons,t&‘erable on cloud top and wall, 
the cooled sinking air displaces warmer air and intensifies up- 
yard. ppn~e.ct~i~n..e~.s.e~where~~i~~~ the c'lo'ud.," :; 

. . i . . . 
When,ther,e: ii', strong; d'l'rect inFide$t, solar radiation on 

the.exteriopi5urfaceyof. the: cloud,' the:,tiloud particles and as- 
' sociated sat.urgted air ,are.-Yarmed'np', Since the contiguous, un- 

. satur.atad;air.:~round:t:h~:blo~d is not'heated to the same extent 
. a steeper. .t.empe.rat,uts gr&dSeq’t tha,n ‘,exi,jted before 1i.s establish: 

,,: ed ; &ta ;t.he,+top ,of -t'h* "cl.oud, 'this gradient, on becoming suffi- 
, .ciently -strong,., pe,rmW:s the :vert.‘ical, upward propagation of oon- 

:Ve'ctiOn. cu,rr:ent.e and hence the’ ‘upwsrd development of the cumuli- 
form cloud structure. If the unsaturated air overlying the 
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cloud is especially dry, the convection currents from the up- 
per portion of the cloud penetrating t&at air may mix with the 
environment and lose moisture by rapid evaporation of the en- 
trained cloud particles. Eventually, the moistening process 
in the overlying unsaturated air may permit the further verti- 
cal progress of the cloud development, provided the original 
lapse rate of the air was steep enough to be favorable to the 
attainment of a conditionally unstable lapse rate. These phe- 
nomena strongly influence the diurnal variation of cloud evo- . 
lution, especially in connection with those of the cumuliform 
variety. 

IX. THERHODYNAMIdAL LAPSE RATE STEEPENING AT TOP OF 

GROWING CONVEOTIVE CLOUD 

During the active growing stage of a cumulus conges'tus 
the convection currents within the core of the cloud thrust 
the upper saturated surface of the cloud vertically against 
the overlying, unsaturated air. Inasmuch as the saturated 
air cools at the wet adiabatic rats and the unsaturated air 
cools at the dry adiabatic rate, the latter cools to a great-¶ 
er extent than the former. This steepens the lapse rate be- 
tween the two contrasting bodies of air and aids in the up- 
ward propagation of the currents by convection as they repeat- 
edly are forced toward the crest of the cloud, with probable . 
intervening perfoda of lapse in vertical velocity. The pro-. 
cess is most effective when convective instability prevails; 
that is, when the equivalent potential temperature decreases 
with altitude. 

X. EFFECTS OF DIFFERENTIAL LIBERATION OF LATENT HEATS OF FUSION 

AND SUBLIMATION IN THE VERTICAL, ATTENDING FALL OF ICE PARTICLES 

THROUGH A CLOUD OF SUPERCOOLED WATER DROPLETS 

Two concurrent related mechanisms exert a profound influ- 
ence on thermodynamical conditions when a cumulus cloud trana- 
forms into a cumulo-nimbus aloud - that is, after ice crystals 
appear in the upper portion of the cloud. 

Liberation of Latent Heat of Fusion 

(a) The falling of ice crystals or'pellets into an aggre- 
gation of water droplots having a temperature below 0' C in- 
duces freezing, of those droplets which suffer impaction by the 
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ice particlea. , As the particles *grow in ai. by ice accretion, 
they prograssively fall faster, swe6.p out. a larger and larger e 
area and strike. more supercooled water droplets per unit of 
time and of distance of fall. 

Sedimentation. and precipitation cause the larger super- 
cooled water droplets to collect in heavier concentrations at 
the lower than at the upper levels. (By lover levels, is. 
meant hsre, a zone immediately above the O” C level within 
the body of the cloud, not necessarily near the base of the 
cloud.) Hence, for each unit volume swept out by an ice parti- 
cle during descent, greater and greater quantities of water 
are encountered as it approaches the level of 0’ C temperature. 
Owing to all the factors mentioned above, there is a vary 
marked stepwise increase in the rate of total ice accretion 
per unit distance ;of fall of each particle,~as the descent 
progresses. The freesing associated with I process of this 
character, when .applied to-a-‘large number of I;articles, yields 
a much greater liberation of latent heat of fusion (about 80 
calories per .grbm of water.frozen) in the lower portion of 
the supercooled .water stratum of”the ‘cloud than at the tcp of 
that stratum wher’e the ice crystals are introduced. * 

In .conaequence of this df’fferential heating, the tempera- 
ture lapse. ratq I.6 steepened and instability may be produced 
if not already present. With development of such a result, 
masses of air warmed ‘by this thermodynam1.c process rise con- 
vectively from t,h.e:..lower ‘portion of the given stratum. The 
larger ice pellets or hailstones fall out of these ma8aea. 
but the smaller ones, accompanied by moat of the remaining 
supercooled water droplets, are transported upward. In view 
of this di-‘sglacement, a fresh supply of ice crystals is en- 
abled to fall into. the. convective masse8 at higher elevations 
and instab’ility~ is progagated upward until the available water 
dropleta are large&y: depleted by freeelng and evaporation. 

Attending the ascent of these masses of air there must be 
a compensatory descent of cooler-air, either surrounding the 
.ug.draft or occurring in. the.,immediate vicinity of end includ- 
ing. the ,outer porti.on o.f the cloud, * .I as previously explained. 

Liberation of Latent .Heat of Sublimation 

(b) The falling of ice particles into an assemblage of 
supercooled water droplets causes the ica‘.particlea to grow 
by sublimation - that, is, by direct ,tranaformation of water 
vapor to frost crystals w,ithout passing through the interme- 
diate liquid phase. The rate of diffusion of vapor to the 

. 
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surface of an ice particla is proportional to the diameter of 
the particle (here assumed to be spherical for simplicity in 
discussion) and to the local gradient of vapor density. The 
rate of diffusion is also considerably influenced by the 
Reynolds number pertinent to the particle, tending to increase 
with Reynolds number (but not in direct proportion). This num- 
ber is equal to the product of the diameter of the particle, 
the velocity of the partiale relative to the gaseous medium, 
and the air density, dfvided by the absolute viscosity of the 
air. 

Rffect of Variations in Reynolds Number 

It is shown in the followfng discussion that the varia- 
tions fn all three factors (diameter, local gradient of vapor 
density, and Reynolds number) are conducive to a progressively 
increasing rate of growth of the ice particle by cekiImation 
during its descent through the cloud of supercooled water 
droplets, assuming that the space between the droplets was 
originally saturated with respect to water. 

Firstly, as the particle falls it growe manifold in diam- 
eter, generally from a few thousandths of a mfllimeter at in- 
ception to perhaps two or more millimeters on precipitating 
out near the Oo C level. This growth is due to sublimation 
and to ice accretion resulting from collisions of the ice par- 
ticle with supercooled water droplets. 

Secoadlx, as a consequence of the difference between the 
saturation vapor pressures over water and ice at temperatures 
below O" C., the local gradient of vapor density directed to- 
ward the surface of the ice particle steadily increases during 
its descent at all temperatures less than -12' C (about 10' $1, 
regardless of whether the particle and saturated vapor are at 
the same temperature or the particle is colder than the vapor, 

At temperatures of the saturated water vapor from -12' 
to 00 c, the local gradient of vapor density directed toward 
the particle would also steadily increase,provided the ice par- 
ticle were 1.3O C, or more, colder than the vapor. This fact 
is dfsclosed by the following diagram entitled UDifference 
between Saturation Vapor Density of a Space over Water at Tem- 
perature tW* and Saturation Vapor Density over a Flat Ice 
Surface at Temoerature tT, where At r (t, - tT). in 0c.n 



-15 -10 
t,, (OC) 

I)iffurenc* betWc;e:i saixration vapx der&ty of a space uvor water at tsnporatie tw, 
and saturation vapcrr dezlsity over a flat ice surface at temperature t1, where 

At = It, - tI), in ‘C. I 

‘ 
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When the particle falls through a stratum havfng a nor- 
mal. decrease of temperature with height, it tends to be 
cooler than the environment, The amount of the temperature 
difference increases more or lees in proportion to the lapse 
rate and the particle's downward velocity, the latter increas- 
ing rapidly with growth of the partiole. Differences of 1.3' C 
or more may be attained when fafrly large particles have been 
formed owing to icd aucretion combined with sublimation, and 
relatively high velocities of fall result. 

Where the temperature difference between the saturated 
water vapor and particle increases beyond 1.3O C, the vapor 
density gradient toward the particle undergoes a rapid in- 
crease as the temperature of the particle closely approaches, 
o" c. 

2?Aral_v s while the ice particle continues to grow during 
descent for the various reasons outlined above, its velocity 
relative to the air undergoes a great increase (from perhaps 
several thousandths of a meter per seaond at inception to one 
or more meters per second on precipitating out near the 0' C 
level). Since the diameter has undergone a similar rel'ative 
enlargement, the product of velocity and diameter manifests 
an even greater augmentation. The afr density normally in- 
creases by a larger proportion than the air viscosity on de- 
scending through an unstable cloud. It follows from these 
considerations that the Reynolds number perti:lent to the ice 
particle is multiplied many timea in the course of the parti- 
cle's fall through the cloud. 

In consequence of the foregoing, the descent of an ice 
partfcle must be attended by a progreesfvo augmentation of 
the flow of vapor to its surface by diffuafon. The vapor 
transforms to frost at the surface, accompanied by a release 
of latent heat of sublimation oroportional to the amount of 
vapor thus removed from the space. 

When a multitude of ice particles falls through a cloud 
of supercooled water droplets, the trend toward increasing 
vapor diffusion to the particles with downward progress has, 
a6 a concomitant, a greater liberation of latent heat of sub- 
limation in the lower portion of the-cloud than in the upper. 

Removal of Heat by Rvaporation 

There is some compensation for thia heating by cooting 
due to evaporation of the water droplets into the space from 
which vapor has been removed by sublimation. Bowever, the 
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. 
cooling lags behind the heatfng since the va'por already ex- 
fstent in a lfmlted space around the ice par,ticles supplies 
the energy immediately; whereqa the cooling does not take 
p&ace until the slow diffusion of vapor fnto this space oc- 
curs from the vicinity of,the water droplet&. Hence, by the 
time the heating due to sublimation begins at lower levela 
in the cloud, the evaporative cooling has'already aet in at 
upper levels. The net heating aloft; due to the addition of 
latent heat of sublimation and the subtraction of latent heat 
of evaporation, is very slight c.ompared with the net heating 
below. 

The differential rate of heating between top and bottom 
of the layer involved hs large toward the beginning of the 
process because of the lag of the evaporative cooling. 

The latent heats of sublimation and evaporation of water 
vapor are 676 and 596 talories per gram, respectively, at 0' C. 
These data imply that for each gram of fr,bst formed by aubli- 
mation on the falling ice particles a considerable quantity of 
heat will be made available. Moreover, at a given I.evel the 
amount of thermal energy yielded by sublimation in a given 
time interval muetexceed the amount simultaneously removed by 
evaporation, at least, in the developing stage8 of the pro- 
cesses described, 
X (a) above (i.e., 

Thia relationship and that outlined under 
with-regard to freezing) assure that there 

will be a differential heating which increasee downward by 
virtue of the joint liberation of latent heats of fusion and 
sublimation in the manner explained. 

Hence, there must follow a pronounced steepening of lapse 
rate and perhaps the establishment of an unstable condition, 
if not already existent. When %nstabIfity is created or is 
intensffied, the consequences are ae outlined fn connection 
with % (a) above. 

Cycles in the Instability-Producing Mechanisma 

Energy having been made available for convective activity, 
%arge parcels of air ar.e 6UbjCCted to.spasmodic upthrusts, ow- 
ing to the density differences produced by the differential 
heat liberation in the vertical column, These upthrusts may 
readily cause the explosive expanhlion and vertical development 
of the cauliflowerlifzc structures typical of many cumulo- 
nfmbus clouds in the early stages of their growth. The upward 
velocity of the bodies of air which thus undergo convection 
cannot be continued indefinitely, since they sweep up with them 
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. the smaller ice crystals and pelle$s which are'e$sektial for 
' the maintenance of the differential heating described abbve, 

Fo,llowing the partial c?Yllapse of the cauliflowerlike 
strticfrirei to the eW*tent tQ+t the qscending masses dverrshoot 

-. fhe dquilibrium +evel; there ~ia~a'ten~encg for a temporary 
q&escent .gtaf;k to. develop. Luring this interim, the -resid- 

.*- 'ual small-scale turbulence causes many of the ice particles 
to collide with numerous supercooled water droplets, thereby 
producgng ice, aucr-atfon on the particle.5 at 'an abnormal rate. 

. Dire'ctly after this, t.h.6 falling of the enlarged ice particles 
.- 'ikrtb;. the lower portion of.' t.he- cloud leads to- intensification 
*. o-f 'the pr-oceases presriousl-y outlined, so long as upward trans- 

go'lrt;'bf water vanor into the base of the cloud by convection 
replenishes the water content lost by sublimation and ice ac- 
cretion on the particles. - , .'. (2.. . . 

.' Beps.ated operations of t-he mechanism described.'above are 
! 'iigely to occur because-the strong.upGard convective current __ ._ 

entr.ains the particle8 at first m6 thereby preventing them from 
being deposited into lower levels, 1 and preparing the way for 

7 
an even more energetic downwar-d convective stage than pre- 
viously because of the growth bf the particles. But this,--in 
turn, leads to the development of another cycle, and the lat- 
ter: to still another, and 80 forth. The ice particles in- 

'crease in ,sise periedic~liy with each recurrent cycle, and 
eventually they may attain the dimensions of hailstones. 

-. *- 
a.. .* The process of development of the particle 18 analogous 

in'& ‘sense to the proce'sa of growth of a snow ball or snow 
. - roller tumbling along'a freeh.snow cover: the larger it be- 
. - %0&e 5 ,' the faster it glows, 80 that ultimately, a series of 

subh rotations or cycles may cnlminate,in an avalanche., 
~Anblogously, 

V. %kbribed 
in the case of a.thundercloud, the processss de- 

1 . T,ield a torrent of frozen. precipitation. - -_ I 
. . . 2 --- . : - ‘_ - -. : 

‘- -- - Instability-Frodticing lechanism Located Immediately I 

; below 0' C Isotherm - . 
Consider now the process&s that occur when a great ma88 

of relatively cold.froxen precipitation particles, some of 
. *which :may 'b'o hailstones, fall into the. portion of the' cloud‘ 
. occupied by water droplets and air saturated with respect 

thereto at a temperature exceeding 9' C. 
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neat is made available to the air by the following pro- 
CBZSBS involving the frozen particles: 

': '. 
,..... . ci). I:Latent"heat of fusion is liberated .owing t'o the 

freezing of water droplets which are encou:tered by' the fall- 
. ,~ng.,,p,articles (the temperature of the latter must be less 

* 1 '... than 0' C, they having'growti at altitud'es'above the,freezing 
ieotharm) ;: 

', . . (2)' datent h eat of subJ.imation is.l,iberated, owing to the 
,. .,' dfffusfon of vapor from the saturated space at a temperature 

above O" 0, to the frozen surface of the particle8 at a tem- 
perature below 0' C, frost accretion thus occurring on the 
particles; 

(3) After the eurfaces of the pnrticles have been warmed 
to a temgerature of prac$ically O" 0, 
to a warmer environmeni. 

by continued exposure 
or when'the surfaces become wet at 

such a temperature, latent heat of condensation is liberated,' 
owing to the diffuaipn 09 vapor from the saturated 8Dace at a 
temperature above O" C to'the possibly wet surface of the par- 
ticles at a temperature 9-f .$bqOt 0' 0, oondensation thus ocour- 
ring on the particles. 

St should be noted that the rate of liberation of heat 
by process (1) depends principally on the concentration of 
liquid water particles along the path swopt out by the frozen 
particles, the siees of the two types of particles, the shape 
and roughnese of the frozen varfety, the relative velocity 
between them, the degree of fine-graiaed turbulence in the en- 
vironment of the colliding particles, and the density and vis- 
CO8ity Of the air. It should be further noted that the rate 
of liberation of heat by processes (2) and (3) depends on the 
factors mentioned as controlling proceae (1). and, in addition, 
the gradient of vapor density existing at the surfaces of the 
respective particles, and the coefficient of diffusion of water 
vapor in a%r, which in turn depends on the prevailing preezuae 
and temperature. Important in regard to the gradient of vapor 
densfty is the difference of temperatures between the surfaae 
of the frozen particle and the saturated air, taking into con- 
eideration the absolute values of the temperaturea. 

From a study of the mathematical relationships connecting 
the factors mentioned, it is found that the trend of the vari- 
able8 in the great majority of cases fs such as to be conducive 
to a greater net rate of evolution of heat by the indicated 
processes in the zone situated immediately below the O" 0 
isotherm than in the zone immediately above it, provided both 
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zones are occupied by the cloud with,water droplet8 having a 
distribution to be expected normally for cnmulo~nimbus clouds. 

Heat is removed from the air largely by the following 
processes involving in some degree the frozen particles: 

(4) Beat i 8 conducted from the air to the descending'; 
frozen partfcles, owing to the temperature of the particle8 
being lower than that of their envfronment; 

(5) Heat is radiated from the air, vapor,and water drap- 
lets to the falling ice 

7 
articles, owing to the temperature 

difference indicated in 4); 

(6) Latent heat of vaporization is absorbed by.the water 
droplet8 a8 they evaporate in replenishing the vapor removed 
by diffU8iOn to the frozen particles; and 

(7) Latent heat of fusion is absorbed by the frosen par- 
ticles in melting (generally at O" C), (A portfon of the heat 
u88d for this purpose is derived from the heat conducted to 
the ice particles by fmpinging droplets of water which have a 
temperature in excess of that of the frozen particles.) 

Certain consfderations lead to the conclusion that the 
rate of removal of heat by processes (4) to (7) i8 generally 
less than-the rate of liberation of heat by processes (1) to 
(3) in a thin zone immediately below the O" C isotherm, at 
least in the early stages of the precipitation of the frozen 
particles into the zone. There are also reason8 for believing 
that in active, growing cumulo-nimbus cloud-s the net rate of 
heat evolution represented by the sum of the rates (1) to (3) . 
minus the sum of the rates(4) to (7) in the specified zone 
below the 0' 6 isotherm is generally greater than the net rate 
of heat evolution represented by the sum of the rates (1) to 
(2) minus the 8um of the rate8 (4) to (6) fn the correspond- 
ingly thin zone immediately above the 0' C isotherm. 

To these considerations must be added those resulting 
from the fact that vanor-laden air is continually entering 
the cloud base in the active stage, so that latent heat of 
condensation is yielded a8 upward convection proceeds in the 
cloud. The vapor from this source acts to replace that lost 
by diffusion to the colder, falling particles, and thereby 
compensates in some degree for the heat loss indicated under 
process (6). 

On accepting the foregoing conclusions, it follows that 
the layer including the thin zones both above and below the 
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0' 0 isotherm. is a region where steep lapse rates and inata- 
bility producing processes will prevail. The report's of 
soaring pilots appear to bear out these conclusions, in view 
of the marked turbulence observed on approaching the O" C 
isotherm from below in certain types of clouds. 

Stability-Producing Mechanism Located Well Below 

Level of Oo C Isotherm 

After the frozen precipitation particles fall far enough 
below the Oo C isotherm, the heat removing processes (4) to (7) 
exceed the- heat liberating proeesaes (1) to (3). Then cool- 
ing of the layer into which the particles have fallen will 
ensue. This weakens the lapse rate in a stratum between the 
thin zone immediately below the 0 o C level where heating pre- 
dominates and the layer just referred to where cooling predom- 
inates. 

Instability-Producing Idaahanism Located Below 

Laet-Mentioned Stratum 

Ooneider now the stratum below the cooling leyer. In I 
the actipe stago o.f development of the cumulo-nimbus cloud, 
the water, vapor transported into the cloud at lower level8 is 
caused- to condense by verticsl convection an& latent.heat of 
condensation is made available. Thus is found the possible 
formation af a transition zone with marked cooling above and 
heating below. This is conducive to the creation .of steeper 
lapse rates than existed before and uosei,bly marked instabil- 
ity which leade to intense local turbulence in the form of 
both downdrafts and updrafta. 

Development of Turbulence in Relation to Mixing of 

!Dwo Forms of Rydroneteore . 

Turbulent motions will be especially pronounced between 
columne of descending cold, frozen precioitetion or rain 
formed by melting thereof and columns of ascending, warm aat- 
urated air bearing cloud droplets condensed while the air ie 
undergoing convection. 

Intermingling of the solid hydrometeors and the cloud 
droplets due to turbulence in the stratum with temperatures 
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vell exceeding 6' C quickly tends to produce melting of much 
of the former with resultant appearance of very large rain- 
drops at temneratures near Oo C. 

When convection currents quickly transport great masses 
of these raindrop8 upward into the zone of below-freezing 
temperatures and enow, ice pellets or hailstones precipitate 
into the air carrying the large drops, instability often of 
great intensity is created by the processes previously out- 
lined under X (a) and X (b). Violent upthrusts of the un- 
stable, relatively warm, moisture-laden air ensue, with com- 
Densatory sinking of'relatively‘ccld air around the ascending 
columns. The flow of vapor and condensed forms of water sub- 
stance into the portion of the thundercloud above the 0' 0 
isotherm is greatly increased by these surges, with a result- 
ant revitalization of the energy transformations occurring at 
higher levels, and an accelerated growth of solid hydrometeors. 

In consequence of this, veryheavy concentrations of in- 
termingling solid and liquid hydrometeors are produced in 
zones where convergence of such hydrometeors occurs. An ex- 
ample of this may be found near the head of an ascending mass 
of buoyant, moisture-laden air when it collides with a de4 
acending mass of denser air lacking a sustaining convection 
current and bearing great quantities of ice pellets, hail, or 
snow. At the turbulent boundaries between adjoining currents 
moving relative to one another, there is likewise some ex- 
change of entrained particles between them, with attendant 
growth of the frozen hydrometeors at the expense of the liquid 
ones. 

As a raDidly ascending convection current passes above 
the 'level where its vertical upward accele'ration is a maximum,- 
its upward velocity continues to increase until it attains the 
level where, in general, the density of the air in the current 
becomes equal to that of the air in its immediate environment. 
The latter level is the height of zero upward acceleration of 
the current. Usually the current decelerates above this level, 
since then it is riaine solely by virtue of ifs momentum while 
penetrating a.stably stratified environment which offers re- 
straint to upward intrusions. 

The energy associated with the decelerating current under 
these conditions must be dissipated by extremely turbulent mo- 
tions, especially those connected with overshooting and diver- 
gence of the stream above the equilibrium level succeeded by 
rapid subsidence. 



:. . . . . 3 . . . - 

122 . . NACA TN No. 1001 

qccordingly, the upper portion.of an "air fountafn8’ 
within a cumulo-nimbus cloud wiL1 invariably yield llrou.gh 
air”; but if the ascending air transports considerable quan- 
tities of supercooled water which penetrate a layer contain- 
ing myriads,of ice particles, the resulting turbulence may 
become sev6re. 

I . 

Zone of ,Maximum Vertical lxchange of Liquid and Solid Hydrometeors 

From the forekoing considerations it is apparent that 
the instability-producing prdceeses described under X (a) and 
X (b) lead to the dev'elopment of quite effective mechanisms 
for accelerating the vertical transport of liq.uid hydrometenra 
upward through the O" C isothermal surface,. and of 'solid hy- 
drometeors downward from the upper portion of the thunderstorm. 
It may be expected that there exists a stratum where both 
thee% effects tend to be a maximum, and it seem8 reasonable,to 
believe that this stratum occupie-s the space from the level of 
the O" C isothermal surface to the level of roughly the -4O C 
isothermal surface, extending also possibly in the other direc- 
tion approximately to the level of the 4' C isotherm. In this 
layer the convergence of frozen and liquid hydrometeors will 

;tend to be a maximum, with a resultant tendency for hailstones 
and ice pellets to attain their greatest rate of growth in tha 
8ame region. 

Possible Development o,f Horizontal Pres'sure Gradient 

and V,ortical Motion 

The marked lowering of the mean air density b'y the rapid 
liberation of latent heat in a column of appreciable depth 
lovers the barometric pressure 'at the baa% of the column com- 
pared to the surrouriding 'atmosphere,' and thereby produ'c'es an 
inward-directed horizontal pressure gradient. This' tends 'to 
produce horizontal convergence q?QUnd the periphery of the 
specified column; hence it acts to increase the concentration 
of hydrometeors and strangthen the ve'rtical motions within the 

.column. Prolonged continuation of euc'h processes may produce 
a "necking-in" of the cloud and possibly some-degree of hori- 
aontal'circulation (i.e., 
axis). 

oortical motion about a vertical 
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Phenomenon of Buoyant Streaming of Air Past Frozea Hydrometeors 

Relatively massive solid hydrometeors may congregate in 
the specified convergence layer for a time. But the assem- 
blage may be rather concentrated only so long as the vertical 
upward current is sufficient in velocity under the given con- 
ditions to sustain the Individual ice pellets, hailstones, or 
gnaw particles which are continually falling relative to the 
air envelopfng them. Considerable latent heat is liberated 
in this region by sublimation and by freesing of water (as 
isolated droplets, collided droplets, or films of liquid on. 
solid hydrometeors after the latter suffer impaction by drop- 
lets). The heat thus realised must render the enveloping air 
buoyant, and create an upward convective flow of the afz? con- 
tiguous to the frozen hpdrometeors. This action greatly helps 
to maintain the transport of water vapor and small droplets 
into the overlying cloud from the underlying strata. 

Results of Depletion of Mater Droplets 

When the fee pellets, hailstones, and snow particles at- 
tain to considerable sizes and heavy concentrations, they tend 
to deplete rapidly the available intermingling water droplets 
by ice accretion and sublimation. This process reducee the 
vapor density in the space nearly to the equilibrium vapor 
density at the surface of the solid hydroneteors. Then the 
differential heating in the vertical column explained under 
X (a> and X (b) suffers a marked decrease. This causes a cor- 
responding decrease in the vertical velocity of the ascending 
stream pf air relative to the solid hydrometeors, since the 
latent heat for creating buoyancy of the air is no longer be- 
ink released in such great quantities. Thus the limited sys- 
tem under consideration tends to attain a thermodynamical 
state of neutral stability. 

By virtue of the changes described, the force of susten- 
tation from the ascending current which enables the solid hy- 
drometeors to remain in a given layer is largely removed, thus 
causing them to prscipftate out. At first, the lar&pet hail- 
stones fall from the layer, and soon the moderately and per- 
haps smaller sized ones accompanied by ice pellets and snow 
follow. 

Formation of Downdrafts 

So great may be the aggregate mass of these hydrometeors 
falling into a given volume of air at temperatures above 0’ C, 

lIncreased rate of vapor flow and heating,fram sublimation 
result. 
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that only a fraction of their bulk fs Immediately melted. 
The consequent removal of latent heat of fusion from the air 
In the relatively warm layer receiving the frozen hydrome- 
tears cools that air relative to the underlying afr stratum 
a‘;i previously explained. This steepens the lapee rate be- 
tween the two cloud strata, and in general will produce in- 
stability for saturated air. As a result, descendfng cur- 
rents are readily produced, so that the hydrometeors acceler- 
ate in their fall relative to the ground. Often by the time 
the heavy concentration of hallstones and accompanying pre- 
cipitation has'fallen the distance from its starting layer 
to the base of the cumulo-nimbus, it has attained a consfd- 
erable velocity. 

Of further Importance is the fact that the cross-sec- 
tional areas and the terminal velocities of the hailstones 
and associated particles are much greater on the average in 
the given condition than those of ordfnary cloud droplets. 
Accordingly, when the sustaining current fails, the larger 
hydrometeors with their greater terminal velocities exert a 
strong downward drag on the surrounding air and so produce a 
powerful descending current which, because of the fnstabflity, 
gains in momentum as it progresses.' 

After that current emerges from the cloud base, evapora- 
tion of t'he water both in the lfquid and solid phase accom-- 
panied by some melting of the frozen precipitation occurs 
around the portion of the current exposed to the unsaturated 
air. The latent heat absorbed by this procees cools the sur- 
rounding air and causes ft to sink to lower levels. 

Near the leading edge-of the descending current, the 
moisture-laden air remains saturated and-warms at the satu- 
rated adiabatic rate; while immediately beneath, the unsatu- 
rated air, which is driven downward ahead of the current, 
warms at the dry adiabatic rate. This steepens the lapse 

. rate between the leading edge of the current and the under- 
lying air, promoting the development of great instability for 
saturated air and permitting the downward acceleration of the 
current.l Prolonged continuance of this process allows the 
current to attain a high velocity and to undergo a great ex- 
pansion-in lateral extent. Severe downdrafts which are very 
hazardous to airiraft arise in th5s manner. -- 

The downdraft and its contfguous sheath of air must be 
considerably cooler than their environment on reaching the 
surface, owing to the traaaport of hydrometeors and air fros 
colder upper levels often under absolutely unstable condi- 
tions, t&e removal of heat by melting of the great mass of 

'Even with evaporation downward from the leading edge of 
current, absolute instability persists, if the sir is convec- 
tively unstable. 
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frozen hydrometeors, and the removal of heat by evaporation. 
From these causes, which have contributed to the development 
of the phenomenon, there results a remarkable difference of 
density between the air wfthin and without the downdraft. 
When the relatively dense downdraft, with its heavy load of 
torrential precfpitation, strikes the ground, it must llsplash' 
and produce cool lateral dreamers or bodies of air flowing 
away from the area of impact. If the downdraft motion were 
perfectly Vertical, the outflow would doubtless be initially 
radial and more or less symmetrical over level terrain; but 
if the motfon were inclined relative to the ground, the out- 
flow would probably be asymmetric with the greatest extension 
in the direction of the.horieontal component of the current's 
original velocity on reaching the surface. 

Lightning Hae'arhs Near Column of Torrential Rain 

Torrential rains which stem from the central regions of 
thunderstorms in the manner explaIned above are known (refer- 
ence 12)'to carry 8 large excess of positive electrlc%ty to 
the ground. In the region between the negativsly charged 
cloud base and the heavy rain whioh fs predominantly posi- 
tively charged, the potentfal gradfent becomes rather steep. 
On this account the snecified region is one in which light- 
ning strokes tend to occur frequently. 

XI. PHii:BOMZNA INVOLVED IN BLECTRICAL CHARGE 

GEN1RATION AND SEPARATION 

Important applications of the processes de'acribed above 
occur in regard to the generation and separatfon of electri- 
cal charges. 

Charge Generatfdn lffects of Collisions of Ice Particles 

It Is known that the collision of ice particles (or 
snow flakes) produces strong electrical'charges, in general, 
such that the negative charges reside in the .fce particles 
and the positive charges escape by means of small ions car- 
ried by the air. (See reference8 10, 11, 12.) When both 
large-scale and fine-grained turbulence.are considerable, as 
when there is much intermingling of ,ice particles and water 
droplets in the lagers previously mentioned, the particles 
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are jostled by collis~ans which occur with relatively great 
frequency and force, .:. . . ,. 

i 
. 

Mechanism of Charge'Separation 
. 

The liberation of latent heats of fusfon'and sublimatisn 
at the surfaces of the Ice particles occurs at a comparatfvely 
high rate, owing (1) to the rapidity of ice accretlon.from 
frequent encounters with numerous water.droplets, and (21 .to 
the rapidity of.frost deposition from the copious diffusion of 
vapor to the partfcles in the saturated atmosphere. 

Under these condftions the continual evolution of heat 
at the surfaces of the partfclee (or haflstonee) Froduces a 
steady streaming of air along the surfaces, directed upward. 
as a result of the buoyancy induced by the thermal energy re- 
leased thereon, Accordingly, positive ions .which are formed 
by the collisions of ice particles are carried upward by the 
oonvective stream of air,flowing in,contact with the surfaces. 
Often two fee partfcles unite after a collfsion because of re- 
gelatlon at the pofnt of impaat and the freesingof water droplete 
which may be trapped between them. Relative to the afr the 
larger resulting particle falls faster than the original par- 
ent partioles did before the collision, and hence there i's a 
comparatively rapid vertical separation of the positive ions 
and the negatively charged ice particles. 

Hypothesis Regarding Charge Generatfon by Collision of 

an Ice Particle and a Water Drop 

When a water drop collides at considerable speed with an 
ice particle, the former splashes and projects numerous mfnute 
fragments of water away from the site of the impact, while the 
remaining water spreads slightly on the surface and freezes. 
Considering the details of the phenomenon it seems quite pos- 
sible that the electrfcal charges carried by the minute frag- 
ments are predominatingly positive even though the ice parti- 
cles are largely negative, while the more massive calotteaike 
deposit of ice formed from the residual water retains a pre- 
dominantly negative charge. (This hypothesis should be tested. 
It should be noted in any case that the collision of ice par- 
ticles fs a more efficient charge-generation mechanism than 
the disruptfonof water droplets resulting from accelerations 
of the sustaining air current.) The minute. projectiles of 
liquid water resulting from the splash are readily carried 
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upward by the general convective current which prevails, or 
at least are separat,ed vertically from the fee particles by 
the greater terminal veloci.ty of.the latter. 

Rate of Charge SeparatLon 

The progressive growth of the ice particles by ice or 
\ frost accretion tends to accelerate the separation of the bod- 

ies carrying the oppoefte electrical charges. In general, the 
positively charged ions will be conveyed by the convection 
current toward the upper poftion of the cumulo-nfmbus cloud 
where the ice crvstals are largely concentrated (in the false 
cirrus structure 1, while the negatively charged ice Darticles 
will fall relative to the above-mentioned ions. 

This conclusion is similar 'to that of Simpson. (See ref- 
erences 10, '11, 12.) It is to be emphasized that the mere 
falling of the origfnal~y~minute Ice c'rystals under the agtfon 
of gravity as postulated by Simpson does not present a kuffi- 
cient physical explanation of the speed of the separation of 
the oppositely charged carriers of electricity. 

The rapidity with whfch electrical fields of intense po- 
tential gradients are built up within thunderclouds prior to 
lightning discharges (see reference 21) attests to the power 
and extent of the charge-generating and charge-separating 
meohanisms. Wfthout the operation of processes whereby 
(1) the colli i s one between particles are caused to occur with 
great frequency and vidlence, and (3) the oppositely charged 
carriers of electricity are forced to separate at a rapid rate, 
the regenerative phase of the cycle of potential gradient va- ' 
riations in active thunderstorms would.not manifest 80 much 
power as it actually does. 

The greatest rate of charge generation would occur when 
one body of air containing a heavy concentration of large Ice 
particles (or hailstones) a~& water,droplets impinged squarely 
against another similar body approaching the first one at high 
velocity, so that numerous collisions of. the particles oc- 
curred under exceedingly turbulent.motione wi-th high accelera- 
tions. Furthermore, the greatest rate of charge eeparation 
would occur (a) when the rate of evolution of latent heats of 
fusion and sublimation was a.maxlmum, causing a swift upward 
convective current to transport the- poeitlve ions, and (b) when 

I the rate of growth of the.ice particles.by vari'ous means as 
previously explained fs a maximum, producing large hailstones 
which fall with greatest rapidity relative.to the convective 
current. , 
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It is to be expected on the basis of previously given 
considerations. that conditions conducive to the evolvement 
of these maximum rates of charge generation aad separation 
are to be most commonly found in the neighborhood of a thin 
stratum (perhaps 800 to 1000 meters thick) approximately 
centering on the Oo C laotherm. (See BBC. 6 for supporting 
evidence .> 

Distribution of Charges in the Thundercloud 

When the positive ions residing on the minute droplets 
or cluster8 of molecules arrive in the false-cirrus layer of 
the cumulo-nimbus cloud, they impart a positive charge there- 
to. On the other hand, when the ice pnrticlee fall into the 
lower portion of the cloud through the medium of the deecend- 
ing currents of air more or lees surrounding the ascending 
central core of the active thunderstorm (see VIII,of this appen- 
dfd, they convey predominantly negative charges to the lower 
third of the cloud, especially toward the rear sector where 
deacendfng motion is generally moat widespread. 

Acquirement of Positive qharges by Begatively Oharged Rain 

Palling from the CIloud 

As a rule, negatively charged droplets precipitate out 
of the cloud a8 rain in a,negative electrical field (i.e., one 
with a negative pole in the cloud base and a positive pole in 
the earth beneath). The drop1et.s. may acquire a net po8i-tive 
charge by capturing positive ions driven upward from the 
earth’s surface under the action of the field, in accord with 
Wilson’s theory. (See reference 22.) 

Poesible Oause of Positive Charge of Torrential Pain 
’ It ia of interest to coneider now the result of the 
failure of an upward, convective current which eustains a 
relatively heavy p:-gregat ion of hailstones and other particles 
near the top of the fountainlike 
t’he .st orm. 

atream forming the core of 
The location of this concentration may be at high 

lev.efs in the cloud, near the lower limit of the false-cirrus 
layer and therefore in a positively charged region. Oon se- 
quently, the hailstone8 and. other particles ,may acquire a net 
pcisitive charge resulting from the flow of positive ione from 
b e.1 o w . Hence, when there o.ccurs a slackening of the upward 
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velocity of the current so that it is insufficient to sustain 
the great quantity of froaen precipitation, the hail and as- 
sociated particles rapidly descend under the unstable'condi- 
tions,which attend the phenomenon. En route, the hail and 
other frozen particles will melt partially or wholly before 
reaching the surface. It is to be expected that the precfpf- ' 
tation will retain, at.l,east in sign, its original predomi- 
nant electrical charge'and so arrive at the ground positively 
charged: This may be the explanation of why torrential rain 
originating from thunderstorms is strongly, predominantly 
charged with positive electricity. 

. . . . . . 
. APP&?DIX VI . 

. . L .v 

THEORY OF METER!iTIOH~ARD SEPARATIOR OF ELECTRICAL , . . 
I . 'CRARGES~R TRuRD&LouDs 

The theory of the -causes of generation of electrical 
charges in thunder clouds and of their separat:ipn into re- 
gions'where relatively high concentrations of char&es.df.- 
given sign may exist--has not been worked out in all details 
to the satisfaction of the great majority of experts in the 
field. Therefore, no effort is made here to explain the mat- 
ter fully. However, some pertinent facts and reasonable sup- 
positions can be-pointed out: 

(a) The centor of the upper , .posit,ively bharged region 
is in.every.case 'at.a temperature below 10' F -= -12' 0. In 
view of.the degree of coldness, most of the cqndensation in 
the cloud under these conditions is likely to'be in the form 
of ice crystals, snowflakes, or other frosen precipitation. . . 

(b) During bii 
. 

ez&rds in polar. regions, which involve the, 
blowing of large'masses of snow, very strong. electric fields . 
are created at the earth's surface. T.hese fields, with rel- 
atively few exceptions, are positive in di'rection - that is, 
the same as .wouPd .be,due to a conaentrat.ion of p,ositive 
charges above and negative 'charges below. This is the charac- 
ter of the electric ffsld ob$erved in the zone (&N)lbetween 
the upper, positively charged region of*thundercl'ondi. and' ' 
the lower, negatively charged.region: It seems quite certain 
that the generation of electric charges in this instance re- 
sults from collisions.of i'ce crystals, or snowflakes. 

'See sec. 17. 
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(Cl Simpson (references 10, 11, 12) has suggested that 
the impact of ice crystals causes the ice to become negative- 
ly charged and the air positively charged. As he has pointed 
out, the settling of the negatively charged ice crystals rel- 
ative to the positively charged air would, under this hypoth- 
esfs, result in a separation of electricity with the positive 
charge above the negati.ve. This explanation has not been 
confirmed by satisfactory, laboratory experfments. However, 
there is abundant evidence that snow generally falls in a 
charged state, Also, the rather intense electric fields pro- 
duced at the ground during snow storms, and the charges im- 
parted to exposed objects by trfboelectrla action involving 
ice orystals or 8now, as evidenced by precipitatfon static 
(see sec. 121, provides strong supporting evidence that frozen 
precipitation has characteristics adequate to yield, in the 
main, the observed dietribution of chargee in thunderdloude. 
St therefore -appears probahl’e -that the phenomenon in question 
playi an important raze fn the generation of electricity in 
thunderstorms, and could possibly explain, at least in part, 
the separation of electrical charges eo that positfvs charges 
will collect at the top of cumulo-nimbus clouds and negative 
charges will collect below, since such clouds always have ice 
crystals in their upper portion at least, 

(d) Experiment8 have shown that when water droplets are 
violently disrupted by large acceleratfon or deceleration, 
the larger remaining droplets acquire positive electrical 
charges; whereas the smaller (often submicroscopic) droplet 8 
aoa,uire a negative charge. Simpson has suggested that in the 
turbulent region of thunderstorma where rain collects in huge 
quantities sustained by vertically ascending currents, the 
drOPlet-SDlitting process can generate electrical charges and 
separat’e them. The droplets, 
air cur,rent a, 

lagging behind the aecending 
will be positively charged, whfle the current-s 

will carry negative charge% upward. As pointed out by 
Simpson, this oould explain the (Q) region of lower, positive 
oharge 8, and provide a mechanism whereby the (IT) region of 
negative charges aould acquire negative chargee from the ae- 
tending air current 8. (See dlagram,)1 

(e) When ice crystals exiet in a s ace side by side with 
water droplet% at a temperature below 0 % 0, the ice crystals 
will grow at the expense of the droplets, for condensation 
will occur on the crystals and the droplets will evaporate. 
(The reason for thfs is that the saturation vapor pressure 
over ice is lees than the saturation vapor preseure.over water 
at the same temperature.). See crystals thus grown will fall 
faster than otherwise and so collide with water droplets at --m-m- - 

‘See sec. 17, 
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lower level%. AS long a% the temperature is less than the 
freezing point (32o 0 = 0' C) the droplets are supercooled 
and will quickly freeze on impacting with ice crystals. The 
enlarged ice crystals will fall even faster than before, Cal- 
lide with more droplets, grow still more, and tend to con- 
tinue in rapid descent unless aaught up in a more rapidly as-. 
tending air currant which may sustain them. (Hail forms by a 
succession of ascents and descents of an ice pellet in the 
supercooled water region of cumulo-nimbus clouds, whereby 
freezing and collection of more liquid'occur alternatively.) 
When anowflakee or large ice crystals or pellets formed by 
the processes outlined above fall down through a cloud to a 
point below the 32o F = O" C level, melting begins. When the 
melting is oomplete and evaporation is not excessive, falling 
raindrop% are left. There are reasons for believing that the 
mechaniem described above is necessary before rain can have 
moderate or heavy intensity. On the foregoing basis, the 
electrical charge acquired by a raindrop will depend, at least 
partly, upon the electrical charge% possessed by the initial 
ice crystal and the water droplets or other ice crystals with 
vhich collision occurred, as well as upon the charges gener- 
ated by collision of one ice crystal with another and by 
splitting of droplet%. Haavy rain falling from the lower, 
positively charged (Q) region can be. expected to be charged 
positively on the whole as shown by the diagram in section 17. 

(f) If rai d n raps are carried up to the higher portion of 
the cloud by a strong ascending current some splitting is 
likely, whereby the 'remaining fragments will become positive- 
ly charged and the progressing air current negatively. The 
air currents might convey the negative charges to the outer 
fringe% of the cloud where descending currents often exist. 
The negative charges may thus be brought down'to lower levels, 
while the positively charged fragments of rain may accumulate 
in the upper portion of the cloud, a% suggested by Humphrey% 
(Monthly Weather Review, vol. 67, Sept. 1939, p, 321). This 
would augment the electrification from other sources: posi- 
tive in the upper portion of the cloud and negative below. 
Since the cumulo-nimbus cloud is exceedingly turbulent, it 
can reasonably be expected that the distribution will not al- 
ways be perfectly regular and that at times the cloud will 
contain electrically charged regions which differ in number, 
location, quantity of charge, configuration, and so forth, 
from those portrayed in the generalized diagram. 

(g> The electrification of thundercloud% is determined 
also to some extent by the action of air ions in the existing 
electrical field, 
Wilson (references 

according to a theory propounded by C. T. R. 
22 to 24) and explained as follows: 
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Air ions (Le., charged carriers of electricity) are 
always present in greater or lesser degree in the atmosphere. 
During fine weather there exists an electric field near the 
surface of the earth the intensity of which in terms 6f po- 
tential gradient averages about 100 volts per meter. This 
field has a “positives potential gradient, by which is meant 
that it is a field. such as is produced by a positive charge 
above and a negative charge below, H0EC8, in fine weather 
the earth has a negative charge relative to the air. Posi- 
tive fans are therefore driven downward by the positive field 
and negative ions are drfven upward. 

Consider a cloud largely consisting of neutral droplet0 
of water of different sixes. The larger droplets fall faster 
than the smaller droplets; hence there is a tendency for sep- 
aration. In an ascending current the same tendency will pre- 
vail. Fog and small cloud dro?leta which are about 0.01 mil- 
limeter (about l/2500 in.‘)’ in diameter will fall at the rate 
about 0.003 metor per second (about l/100 ft per sea) rela- 
tive to the air; light rain droplets which are about 0.45 
mfllfmeter (about 0.02 in.) in d3ameter will fall at the rate 
of about 2 meters per second (6.5 ft per set); while excessive 
rain or shower droplets which are about 2.1 millimeters 
(about l/10 fn.) or more in diameter will fall at the rate of 
6 to 0 mefors per second (20 to. 26 ft per set). Droplets 
greater than 5.5 millimeters (about l/5 in.) in diameter oan- 
not remain at that size for they are split fnto smaLler drap- 
lets on falling through the afr. The large raindrop? farmed 
fn cumula-nimbus clouds by the process pravioualy explained 
(see (e) above), will therefore probably fall at rates of 6 
meters per second or more’. 

The ions driven by the existing potential gradient will 
have velocities less than the sinking speeds of these large 
raindrops, far with fields of potential gradient less than 

,40,000 volts per metor, both large and small ions will be mav- 
ing at less than 6 meters per second, while with fields larger 
than this only the large fans will be effective and these will 
have similar law spoods. The order of magnitude of the differ- 
enue in veloaity uan be seen from the fact that ordinary large 
fons will move through afr with a speed of roughly a few hun- 

’ dredths of a meter psr second in a field of l,OOO,OOO volts 
per meter, 

The electrification process is described by Wilson for 
the more rapidly falling drops as follows: 

. 
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ItA neutral drap falling through the air in a field of 
pqsitive potential gradient, at a speed greater than that 
with which the positive ions are being driven by the field, 
will attract and absorb negative ions at its lower positively 
charged surface; positive ions cannot reach its negatively 
ahar'ged upper surfaoe from above as they cannot overtake the 
drop. It is only positive ions which the falling drop has 
overtaken (or in other words which have been carried up by 
the air from below the drop) that can approahh'its upper neg- 
atively charged surfacr; and these have ,811 already suffered 
repulsion by the lower positive half of -the drop before they 
come under the influence of the upper negatively charged half, 
The orfginally neutral falling drop will at first aatch only 
negative ions; and in air of equal conductivity for ions of 
both signs, it will oontinue to catch more negative then pos- 
itive eleatricfty until a resultant ne‘gatlve charge is a$- 
quired amounting to a considerable fraction of the induced 
charge." . 

..,,. - 
The process thus outlined will cause the &.ger drops which 
sink to lower levels to take on a net negative charge. 

On the other hand, the mtich omalfer'claud droplets held 
in suspension by the rising air currents .on account of their 
low sinking speeds will tend to c'oncentrat'e at levels above 
the larger droplets, and hence t.he positi've ions descending. 
in the existing field will be'attrai?ted to and absorbed by 
the upper; negatively charged portions of the small droplets. 
The very small droplets in the'upper portion of the aloud will 
therefore acquire positive ohargds. : . * . *v.. 

Thus a strong electric field'may be'eetabliehed' between 
the larger, negatively charged drops bslo&'&,ad the smaller, 
positively charged droplets above,' This field', like the fine 
weather field in the lower atmosphere is positive; hence the 
process of electrification desc.ribed above can proceed until 
the potential gradient become6 86.2fitense that breakdown of 
the field occurs by a lightning dfsoharge, or the rate of 
leakage of charges between the two oppositely aharged regions 
with resultant neutraliaatioh equals the rate of generation, 

The theory outlined above'seems capable of explaining 
the development of the loweri negatively charged regions and 
the upper, positively charged'regibns of thunder clauds, so 
far as the water droplete are involved. Haw well the process 
functions in the layers where ice crystals predominate is not 
known, but at any rate it is possible that it exerts a modi- 
fying hfhmce tending ‘to ‘prddtice ‘the observed distributions 
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of positfve eleqtxical. charges at.the higher levsla:and:neg- . - 
ative oharges below. -. 'r :. , ,. ..:: 

f . * :.. 
The gcneratidn of charges in oumulu~,,oloub:B-wh1ch.as.a .' ". 

rule are entirely composed of water droplets qay be grsaumed ' ..-.> 
to depend on the prooeeses alr’eadg described.as involving 1 * - . 
such particles. . - * ._ . . 

The theory proposed by.Wilean dde'e not explain hew a ’ 
small region of poeitive'charges can develop in the lower 
portion df thundercloudi, and for thds the breaking-d.rop 
theory (of Simpson) outlined in paragraph (d).above must be 
invoked. H,otiever, the former theory can explain the falling 
of poeitively charged rain at.the surface..by a process which 
depends on the f+ct that below the negatively charged base 
region of thunderclouds the potential gradient. is negative. 
In this- pro,c’e,ss, $he upper portioner of the raindrops between 
negative oloud ba'se and grdund will have a positive charge 
Induced, while the underneath portione will have a negative 
uharge induced. Positive ione driven up by the negative 
field will be attracted to and absorbed by the descending 
drops which may thue acquire a net positive charge before 
they reach the ground, This helps ta explain why more posi- 
tively charged rain than negatively charged rain is observed 
at the ground. The charges accumulated in rain by any pra- * - 
ce88 may induce potential gradiente strong enough to lead to 
a breakdown of the field,,with reeultant lightning discharge. 
Airoraft in the vicinity of euoh aharged streams of rain may 
therefore suffer the passage of a discharge. (See reference 22.1 

APPBNDIX VII 

THP NATURE 0%' LIMiTNING DISCHARGES 

Lightning i.e essentially similar to a spark in nature ' 
and consiate of a stream of @lectric,al charqee traveling at 
high veloofty. 'Before there can be a.lightning,discharge it 
ie necessary;first, that there be a region where a large con- 
centration of charges exists; and secondly,,that;.ot somo,point 
near the region the potential grad#ent re.agb,a magnitude which 
exceed8 the crlt/oel,.,sparking value, tl,Q06,,??Qiuo~te~per meter 
at normal aiP densi:tfy in :i;hu .preijence.;p< iirgg,cl&d ,droplste).' .a I : .., * L 

Gener'hlly , 
L, 'i J ,'*' I L a,. _- . .*: ' 

two %b&idn~ 6.:. :~~p:6e~~e..Ileh~~gee'are. :involved' 
and the intensity, of - tkie poZe@'i?l .g,@$d~i.~n& between ,*.th,em .i 8 : * . '< i, ,- -. 0. ,';.. II .:' . . , .' 
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. largely determined by the quantity of chargea in the regions, 
their distribution, and the distance apart of the regions. 
The greater the ouantities of electricity and the leea the 
distance between-them, the more intense will be the field. 

. . 
'Where the bask of a thunderclbad- is etrongly char 

7 
ed, 

say negatively, ohargee of oppoeite eign (here positive are 
induced on the earth's surface beneath, Und8r these circum- ' 
stances, a field with negative potential gradient ia produced 
between cloud base and ground, where the effeot of the much 
higher,poeitively charged reiion ie not sufficiently great to 
overcome that of the lower negatively charged region. Under 
the influence of thia field, positive ions are driven upward 
and negative ions are drawn downward, 

The induced positive charges on the earth's surface tend 
to concentrate in .areas of relatively high conductivity such 
as moist ground, titreets with pipes, wiring, and 80 forth, 
When the potential gradient at the surface reaches a value of 
about 20,000 volte per meter, which its~rare, point discharges 
(St. Elmo's fire) occur from sharply pointed obJects, such as 
trees, epiree, and ao ferth. The chargea thus ejected into 
the lower atmosphere are carried up by the field and create a 
positive space oharge beneath the cloud, provided the electri- 
cal conductivity just below the base of the cloud la appreci-' 
ably less than that at lower levels. .This space charge in- 
crease6 the potential gradient immediately below the negative- 
ly charged cloud base. ft is thua poesible for the potential 
gradient ta reach abnormally high values locally in this zone, 
provided the neutralizing effect of the positive ions entering 
the negative cloud base 1~ overcome by the.repleniehment of 
negative charges by electrical generation processes in the I 
cloud. (See references 23 and 24.) 

Where oppositely charged cloud or rain masse8 paes each 
other closely, the potential gradient between them becomes 
abnormally high. At any point where the value of the poten- 
tial gradient reaches the critical sparking potential,;8 
breakdown of the field, manifested by ini,tiation,of a die- 
charge, will occur. If the point in question were in clsar-. 
air at normal atmospheric pressure (29.92 in; of mercury) and 
density, the critical sparking potential necessary t,a at,tain 
this end ia about 3,000,OOO volta.per meter, but since the 
critical sparking potential is proporticnal,to density, it '. 
would be only about 2,100,OOO volts per meter in alear air at 
a height of about 10,000 feet. When water droplete of 3 mil- 
limetere diameter exist,. the critic,al sparking potential will 
be only about l,OOO,OOO volt8 per meter (reference 4). , , 
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Consider that at some point near a negatively charged 
cloud base the critical sparking potential has been attained; 
then a comp1icate.d discharge process takes place, depending 
upon the existing conditions,of potential gradient and ioniea- 
tion in the atmoephere. The following description of the dis- 
charge process of lightning, largely based on the work of 
B. F. 3. Sch'onland and his collaborators (reference 251, in- 
volves at least three stages or.processes in the case of the 
typical single cloud-to-ground stroker namely, (a) the pilot 
streamer, (b) the st eppsd leader, and (c) the return stroke. 
When the stroke is multiple,then there are also involved 
other stages: namely, (d) the dart streamer, and (e) the re- 
turn stroke, similar to (c), which are repeated as many times 
as the lightning reoccurs, These components of the lightning 
stroke have also been observed by McE&chron (reference 26) 
and his coworkers in the United States. 

The.Pilo't Streamer 

(a> The pilot 'streamer, which is the initial phase of 
the lightning discharge, is a stream of electrons (negative 
electrical charges). It starts at the cloud when the criti- 
cal sparking potential is reached and advances into the clear 
air at a speed ranging from about 62 to 1240 miles per second. 
It will propagate Itself as long as the field in the clear air 
has'average potential gradients of about 270,000 volts per 
meter or more.1 The current carried by the typical pilot 
streamer is relatively small, being of the order of a few am- 
peres, and possibly as low as 0.1 ampere. 

As,the negative pilot streamer blaees its way, it must 
prepare the air ahead in order to secure continued progress. 
This it accomplishes by producing ionisation immediately in 
advance of the streamer ti by one or the other or both of 
tW0 prOCt3SS08t nailrely, (17 ionization directly'produoed by 

IIn many cases, -apparently, this high average potential 
gradient may not,exlst along the entire path of the pilot 
streamer just prior to its coming into being. The stream of 
negative charges cr,eat,es a strong potential gradient just 
ahead of its tip, which enables it to progrese. The potential 
gradient becomes 8sp:eciall.y intense as the streamer nears the 
earth, for charges of poeitive sign are induced in the ground 
by the rushing away of-electrona from neutral molecules in the 
'area being approached, leaving the positive charges behind. 
The bringing :of oppositely char.ge.d particles close together 
greatly strengthene t.he.electric field, thereby facilitating 
the propagation of the etrsamer. 
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. electrons in the tip of the streamer, and (2) photoionization. 
The latter is ionization of neutral air molecules by photons 
(i.e., bundles of light energy) emitted by a4r molecules ex- 
cited to luminosity by electron imp.act. 

In this manner, the pilot streamer may progress until it 
is olose to the ground, provided the average potent,ial gradi- 
ents are sufficiently intense. The path followed by the pilot 
streamer is determined by the local variations in the poten- 
tial gradient aa it proueeds, and hence will be tortuous and 
branched (forked). 

On account of the law current and low density of ioniza- 
tion in the pilot etreamer relative to the current and density 
of ionization, respectively, in the subsequent stages of the 
discharge, the pilot streamer cannot be photographed with a 
fast camera but might be visible to'the'naked eye.' FIowever, 
the pilot streamer leaves behind it for a very brief period 
of time a channel less than an inch i.n diameter characterized 
by considerable ionization. 

The Stepped Leader 

(b) The stepped-leader proceaa cannot take place wfthout 
this preliminary fonized ohannel prepared by the pi,lot 
streamer. After the pilot streamer has advanced a certain 
distance which varies from about 33 to 680 feet, a new stream 
of electrons, with a bright, luminous tip called a nleader,'l 
starts from the cloud down the channel wfth a speed of about 
31,000 mfles per second. This stream 'causes the channel to 
become luminous. When ft overtakes the tip of the much slower 
pilot leader, it stops for an interval of tfme which ranges 
from about 31 to 91 millfonthe of a seCond. During this pause 
the pilot streamer has been advancing at the slower rate, but 
at the termination of the pause, another stream of electrons 
with a bright leader start8 .down .the channel from the initial 
cloud point, approxfmately at' the above-mentioned speed of 
about 31,000 miles per second, and again overtakei the tip of 
the pilot .strea.mer. This steplike mode of progression is re- 
peated again and again, possibly'as many as 100 or more times 
until the earth is.reached. In the process, the forward part 
of the stepped .leador i-s propagated ae a limited region of 
luminosity like en elongated fireball the length of which va- 
ries roughly from 80 to 370 feet (average about 180 ft). 

'See added note rigarding pilot streamers at end of this 
appendix, 
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. 4 : 'f' . 

: ':; Eadh.'st;ep'&arr. ies the tig of the luminosfty forward an aver- 
'~g,~,.P2'.a~~ut:16Q~Peet along the ionited.channel created by 

- 
. 'I 

the' pS'io't 'streamer. Ee nc'e., each bright s,tep...ap?ear.s 'as the 
termination of a~$treaner. of'faintkr luminosity axt'byding 

>I ::.;,. the ,w>hole way down from the starting paint. of .t.h'e“.~d'f.acharge. 
'i..!. , la,& 'ths 'en.d of s s.teo. .i,s apT)roa-ched the streame'r incr'gases in 

II. : f . .~$~i~~~'nese .and. yd.oc,reaa.ei 'f,n-m<i&t'h..; Besi‘dav, ey.qry new, 
- : .,,.; brig~t'a'tQls':generall,y starts 'a.little way back .on,pqrt of the 
.; ': ., tragk formed by,the previous ste%,, so-that .the ndrtion of the 

step'which'iu entirely new'!s about gO"percent of the whole. . . . . 
.-, I ; *Owing to the pauses, and despite.the high s,-oeed'of the 

I.- .:‘.. ; ste-o3ed"18ader, the effective sueed of the Droce'ss .'i:s the 
.' . ; . s.ame as' the .speed.of the,bii'ot 'streamer,, which averages about 
. ., ;,. t '311 miles per isecond. 'The 'tor,tuous "path taken..by the oilot 

,. streamer 'Ls followed .more.or less by.the steoaed leader, so 
. that A somewhat,zigzag line, 

eS bh the first stroke, 
drdinarilg rith.doynward branch- 

represents:.the channel pursued. 
@arks ia the pilot.streaner 'channel pr.oduce.the branches. 

The current in the st'enied lea'der, being higher than in 
the case of the pilot streamer on account of the'lowered re- 
sistance offered,by.the ianiaed channel, carries down a con- 
siderable amount of negative charge in the form of electrons. 
These are.first distributed throughout the step-leader channel 
and its branches, but decreaseein number somewhat with time 
by combining. with positive ions, by diffusion, and 80 forth. 
Theatmosphere below the cloud thus acquires s channelised 
negative. space charge as the stenued leader blazes its way to 
e'arth. The s'ource of the charge Fs the charges in the neea- 
tfvely charged .cloud particles in .the lover portfon of the 
cloud. .In order for the latter to become available fqr the 

. stepped-leader proc.?ss,, they must flow by p.rogressive spark 
.breekdown in the cloud surroudinp .t,he ?-ofnt -at'wliich the pi- 

lot streamer was.initiated. This implfes that cloud etream- 
ers, which form at lover breakdown r)otential,p:radients than 
streamers fn virgfiz air, must feed the steaned leader by chan- 
nelizlng charges in the cloud and conveying them to the ini- 
tial point in question. 

. 

The more extensive is the cloud space in which breakdown 
may be propagated'from this noint by the existing potential 
gradient and the greater the quantity of slectrical charge 
which may thus be tapDed from the cloud center, the greater . 
will be the space charge lowered by the stepned-leader pro- 
cess. Thfs tends to increase the sotential gradient downward 
to the ground; Consequently, it is found that the streamers . 
and their tips are generally much brighter in thefr later 
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e stages when they are approaching the ground, than earlFer, 
and moreover, this is accompanied by increase in effective 
velocity. 

As the tfp of the negative stepped leader gets very near 
the ground, it fs probable that a positive streamer discharge 
occurs from the earth, where positive charges have been 
strongly induced locally. Upon meeting of the tip of the 
downward-moving, negatively charged stepped leader with the 
tip of the upward-moving, positively charged streamer from 
the earth, a continuous channel. of hfghly ioni,ted air thereby 
exists from cloud to ground, and a new stage of the lightning 
discharge sets in. This is called the "return 8troke.s 

The Return Stroke 

. 

(c) ?he "return stroke" represents the intense flow of 
ele'ctrons from the ionized channel down to the earth, start- 
ing with-the lower portion and progressi'ng upward both along 
the main trunk and such branches as were formed during the 
stepped-leader proceee. Inasmuch a8 the ionization is of the 
greatest density in the lower portion, and the potential 
gradient is a maxi-mum near the surface of the earth, the cur- 
rent represented by the rate of fiow of charges has its great- 
est value at the surfaoe. Consequently, the luminosity pro- 
duced by the tremendous ionisation and excitation of air mol- 
ecules resulting from the current is of extremely great inten- 
sity. This is responsible for the intense flash of the return 
stroke, the tip of which move8 upward along the ahannel with 
a speed rangi.ng from about 12,400 miles per second to 87,000 
miles per second. The most frequent speed is about 21,800 
miles per seoond, although the speed is greater in the lower 
portion where the channel width and luminosity are greatest, 
and 1.86~ ae the return stroke progresses up the path where 
the channel width and luminosity are least. 

lhen a return stroke passes an extensive branch blazed 
by the preceding leader, there is usually an appreciable de- 
orease in channel width and luminosity of the return stroke 
above the branch, owing to the diminished source of charges 
to feed the upward-moving tip.. Negative charges (electrons) 
thus drain out of the branahes as well as of the main channel, 
whence the ne ative space charge below the cloud decreases to 
amall values. F 

IA fraction of the charges may be captured by raindrops 
or other precipitation particles which may thereby hamper 
dissipation of the space charge to some extent. 
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. Aft.first:the.cur.r,gnt produced by,the flow of these eleo- 
troha, tothe upward-moving tip of the return stroke and 
thence down the channel to the ground increases with extreme 
rapidity. This rapid rise of current (called "steep wave 
frontfl-) occurs -in n.fraction of a millianth to several mil- 
lionths% of..a. ..rr.e-cand. Average r.ates of current rise in the 
WBVB front have been found to vary from about 1700 tc 2G,OOG 
amperes per mdllionth of R second, and maximum raQes have 
been found tot range from.eb.out 4000 to 40,000, in the sam,e 
units.. Th.e crest current in 50 percent of the return strokes 
exoeeds about 23,OGG amperes and may reach extreme values of 
150,000: amperes, or more. After the ,crest current is achieved, 
the currsnt decreases at first rapidly and then mere slorly 
until only about 1000 to 100 amoeres are flowing. The wave 
nf current here under consideration requires an elapsed time 
of about 10 to roughly ID0 millionths of a second from the 
beginning of the stroke to the end of this phase. 

. . 
.Appar,e.ntly this wa,ve depletes theegreater part @f the 

electrons ,from the majo-ry and especially the lower,portion of 
the channel and its connecting branches. In additinn, the 
potential gradient between cloud and earth suffers a tremen- 
dous decrease after the.cre,at current passe6, but snme gra- 
d.ient remains, at least pear the, cloud.base. Thus, following 
the end of the..current wave, there usually occurs A continu- 
cps, fairly steady flow of,current of approximately 100 to, A 
few thousend amperes, lasting for an interval of about l/1000 
to l/10 of a secopd or longer. It can be expected that this 
continuing-cur,rent depends on.the remaining lnw potential '- 
gradient and invalves,charges.braught down to ground from the 
mnre remote portions of the channel and the cloud center orig- 
inally tapped. There 5.8 also reason to believe that the cur- 
rents in the return stroke at the higher levels of the channel 
are less than. at the lower levels, nearer the ground. 

The total amount of electrical charge carried in F?. light- 
ning Stroke may range from ~1 fraiction of a CoUlhmb to about 
300 C’3SllODIbB. .TPhe average of the charge carried by a lipht- 
ning stroke is in the neighborhood of 20 to 35 cnulombs. 

Effect8 nf Component Part8 9f Return Stroke 

Of great importance is the distinctfon.between the ef- 
fects of the different portions of the return stroke: 

First, the.steep wave-front,. -high-current,.*shnrt-time 
stage produces explos,ive.ef.fects on accout of the .high rate 

. 
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- 
of 1ibsration"of &mr& from the intense electrical power of 
the stroke. Explosive effects may be manffseted by violent 
expansioq wB'ves, sharpSthunder, good-size holes punched in 
.shset metal which is in th8 path of the stroke, sudden vapor- 
ization of thin wires thrbugh which the current paesea, and 
so forth. 

Second, the'continuous, low-current, long-time stags 
produces burning effects on account of the great amount of 
heat liberated in the long psridd of current flbw dsspit8 the 
relatively low value of the current. Burning effects from 
this source are indicated by the small holes burned in the 
aircraft ou.tsr skin, and the pit marks fused ‘on the skin, , 
rivet heads, and 80 forth. An airplane traveling through or 
by a long-time, low-current stroke will show a number of such 
burns and pit ,marks along the oUte5 structure in a rough line 
running opp.oeits to the dirsation of relative motion of the 
two'. Sot much hazard oan ordinarily result from passage 
through such strokes. 

.I Many lightning Strokes are multi'pls in naturs, that is, 
repeat a cgclq involving ,lsadsr, ztrok8 to ground and return 
strolis, The leader stroke in such repeating discharges is 
called a "aant leader.". . . I 

r 
The Dart Leader . 

cd) The "d art leader" is a stream of electrons sxhiblt- 
ing a lumi'houa, dartli-ke tip which travels down the channsi 
ionized by the preceding strokea. It doss not occur until a 
brief lapse of time following the prevfous return stroke. 
This interval varie.8 from about 0.001 to 0.53 second. Unlike 
the leader in the initial stroke, the dart lsader is not, ordi- 
narily stepped, but usually advances continuously down the 
chanAsl"fi.sm cloud ta ground with a spee;d ranging from 620 to 
14,300 miles per.escond. 
1240 m~lss~psr seaon@. 

The most frequent speed is about 
Somstimss, when an unusually long inL 

terval ,hag elapsed between the preceding return stroke and 
the dart. leidsr, the lower end of the usual dart leader bs- 
oomes's,ts$p:ed l'ike the leader to a first stroke. Dart leaders 
do not-.ordinarily branch 3iks etepped leaders. Apparently, 
they tap charged cloud centers mare or lee8 remote from the 
cloud aent,er diecharged by the.init$al stroke. Coneequsnfly, 
it soQ.etimse happens that more charges are traneported by suo- 
csediqg s.trokee than' by the first one. When the dart leader 
reaches the surface; a return stroks oauurs, 
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The. Return Stroke in Multiple Strokes * 

(8) The r’sturn stroke whioh suooesdsja dart leader has 
characteristiqs: similar to those of the initial return stroke. . 

As many a’s 40 separate strokes hav’e been observed in a 
multiple stroke, The maximum total timBlinterva1 observed 
for a multiple Stroke has bean about 1.53 seoonds. 

OlQud-to-Air and Cloud-to-Cloud’ Strokes .,. 

Lightning discharges from cloud to air have been observed 
a number of times. In these ~888~ the gr’bund ha8 not been 

“involved, but the stroke has erhibited either the stsppsd- 
‘..leader or dart-leader proaess without a return stroke. Pr e- 

sumably, here a strong potential gradient between a aharged 
cloud center and a spaoe charge of opposite sign was instru- 
mental in initiating ths.discharge. 

Lightning discharges from cloud to cloud or within clouds, 
involve the breakdown of the field between the oppositely 
charged centers of clouds or preaipitation which come adjacent 
to one another. Observations .have shown that there are many 
more of suoh disahargss than of cloud-to-ground discharges. . 
In many cases the breakdown is not explosive enough to produoe 
thunder audible at the ground. From the facts at hand it ap- 
psare probable that a number1 of the instances of electrical 
discharges t:oza.ir?,raft have involved this gradually sloped, 
wave-front type pf. .d.$sci&ge, with a relatively low current 
peak, but fairly lopg duration. 

., , : 
Added ,Note Regarding Pilot Streamers 

. . In laboratory obsslvations of the development of electria 
. sparks in air between metallic electrodes, there has bS8n 

noted b 
‘ehce., 27 7 

some ipvi~stigafbrs, particularly Dunnington (refer- 
Slepiari and’Torok (reference 281, and Torok and 

Fi’sl’der ir,ef.er&‘nce- $9) 
traverses the. $a$‘& 

a faint, hasy filament whioh rapidly 
f’*irn negative pole (oathode) to positive 

pole (anode) .$$mediately preceding the passage of the bright 
channel that .represents the main spark breakdown. 

- I 

‘It is quit8 pOssib18 if not probable that a majority of 
the”di8rUptiV8 discharges experienced have been of this char- . 
acter rather than of the steep, wave-front type, 
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It 1s possible that the initial hasy streak observed in 
the laboratory spark COrrOspOnd8 in character and function to 
the lightning pilot streamer which has been postulated by 
Schonland (reference 25, Proc. Roy. Sot., ser. A, vol. 164, 
1938, p. 132) to be present in cloud-to-ground strokes, al- 
though never actually obeerved, However, ft should be noted 
that the theories pro 
(reference 301, Loeb P 

osed by Schonland (reference 251, Meek 
reference 14). and Loeb and Meek (refer- 

ence 31) regarding the pilot streamer have been recently ques- 
tion on various grounds by Plowers (reference 32). 

Presumably, the mechanisms of the varfous types of 
streamers manifested by tho linktning stroke are profoundly 
influenced, firstly, by the CharaCteristfCS of the thunder- 
storm which must act jointly in the roles of electrostatic 
generator and capacitor, and secondly, by the nature of the 
electrical circuit whereln there must be an electrical break- 
down between cloud particles sfmultaneously with the conflu- 
ence of charges from an assemblage of widely distrfbuted 
charged water droplets, and crystals together with ions. 
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Gigwe l.- Burne on leading edge of propeller blade, near the top, due to a lightning 
discharge. 
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Figure 3.- Traillug edge former tube of tight aileron eevered by lightning discharge. 
(Fabric removed to show extent of damage.) 
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.- E+uxn to trailing edge of right aileron caused by lightning disoharge. r 
Figure * (Fabrio removed to show extent of d-e.) 
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Figs. 5,lO 

Figure 5.0 Two holes burned by lightning in right wing 
trailing edge. 

Fig& 10 .- Rupture of tail eone by lightning discharge. 
811 rivets were missing for a distance of 

approximately 24-inches forward from the tail light. The 
tail light was found hanging by its wires. 

. 



. 

L I 

c 

1 I d * 

‘f’/ , 
‘! Iq 

; & 
4 . 

: .: ! ” 
- I, lC.llll I i ..*. I . . -_ II OI 

Figure 6.- H&e one Inch in diameter burned by lightning in steel tubing at top of rudder. 
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Figure ?'.- Holee burned through trailing edge former of right 
elevator and one spot burned through fabric by 

lightning discharge. 
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Figure 9.- Hole burned in trailing edge of right elevator by lightning discharge. CD 
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Figure ll.- Damage to an auxiliary antenna holder tube caueed by a lightning discharge. 
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E 
Figure 13.- Upholstery, lagging, and wiring burned on left side 

of fuselage immediately adjacent to trailfng antenna 
reel by lightning dimharge. FIadio damaged. 


